ABSTRACT

KEVIN M BOYLE. Nunerical Calculation of Aspiration
Ef ficiency of Aerosols into Thin Walled Sanpling Inlets
(Under The Direction of Dr. M CHAEL R FLYNN)

Aspiration efficiency of particles froma flow ng
airstreaminto a thin walled sanpling inlet is accurately
predi cted using a nunerical nodel. The nodel conbines the
Boundary I ntegral Equation Method for predicting the
velocity field into the inlet with an analytical solution to
the particle equations of notion. A two and a three
di rensi onal nodel are exani ned. Results for the three
di nensi onal nodel correlate well with an enpirical nodel of
aspiration efficiency. The method can be generalized to a

w de range of airstream sanpling inlet, and particle

condi ti ons.
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NUMERI CAL CALCULATI ON OF | NERTI AL ASPI RATI ON EFFI Cl ENCY OF
AEROSOLS | NTO THI N- WALLED SAMPLI NG | NLETS
by

Kevin M Boyl e

Unbi ased sanpling of airborne particulate froma
flowng streamrequires that the size distribution and
concentration of aerosol collected be identical to that of
the aerosol in the free stream Sanpling errors occur
during aspiration of the aerosol fromthe free streamto the
face of the inlet and during transm ssion of the aerosol
al ong the sanple tube. Additional |osses or gains may occur
due to particle bounce fromthe front edge of the sanple
tube. In this paper, a nunerical nodel for determning the
aspi ration conmponent of overall sanpling efficiency for any

arbitrarily shaped thin edged inlet is presented.

BACKGROUND

Sanpling errors due to aspiration occur when particles
fail to enter the sanpling inlet with the air. Particles
have inertia which nmay prevent them from accel erating,
decel erating, or changing their direction fast enough to
nmove with the air (Agarwal and Liu, 1980). Particles also
possess additional notion due to gravity. Aeroso
aspiration efficiency, Ea, is defined in equation (1) as the
ratio of particle concentration entering the sanpling inlet,
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G, to the particle concentration at an undi sturbed upstream
| ocation, Co, (Belyaev and Levin, 1972).
= — | C A1)
Co
One effect on aspiration efficiency would be |oss or
gains of particles due to bounce off the front of the
sanpling inlet. By nodeling the systemas a thin walled

sampling inlet, particle rebound effects are assuned

negligible and do not contribute to the overall aspiration
efficiency (Belyaev and Levin, 1974).

Bot h nunerical nodeling and physical experinments have
attenpted to describe aspiration efficiency. Belyaev and
Levin (1972, 1974) used flash illumnation to photograph
particle trajectories and devel op equations to predict
inertial aspiration efficiency. Durhamand Lundgren (1980),
devel oped aspiration equations fromexperinmental data for
aspiration efficiency during anisokinetic sanpling with
nozzl e msalingnent and sanpler inlet velocity different
fromoncomng wind velocity. Their equations account for
the projected area of the nozzle when it is msaligned.
Jaysekera and Davies (1980) and Davies and Subari (1982)
al so performed experiments and derived aspiration equations
which were simlar to the equations of Belyaev and Levin.

Ext ensi ve nmeasurements of sanpling efficiency were nade

by Tufto and WII eke (1982), and Ckazaki, Wener, and
Wl eke (1987a, 1987b, 1987c) for both isoaxial and non-


NEATPAGEINFO:id=0B76DA5E-A770-4681-8541-8CB8F0AE635C


i soaxi al aerosol sanpling conditions. Based on this data
and work cited above, Hangal and WI|eke (1990) proposed a
uni fied nodel to predict aspiration efficiency, Ea. The

general expression , equation(2), is:

Ea = 1 + (R cos e - |)f (2)
where Ris the velocity ratio, e is the sanpling angle and f
Is an inertial parameter. For the case of 0° sanpling angle
the inertial parameter, f, is based on the work of Bel yaev
and Levin (1974) and is shown in equation (3).

f =1-1/[1 + (2 + 0.617/R Stk] (3)

R = Uo/ U

Uo is the free streamvelocity

U is the inlet velocity

Stk is the Stokes nunber

For Cto 60° sanpling angle the paraneter is based

on the work of Durham and Lundgren (1980), equation (4).

f =[1-1/[1 +(2 + 0.617/ R stk']]

[1 - 1/[1 + 0.55stk' exp(0.25stk"')]3/

[1 - 1/[1 + (2.617)stk"']] (4
wher e

stk- = Stk exp (0. 0226) (5)

To nodel the novenent of particles in air it is

necessary to nodel the airflowfield and derive a method to
track particles placed in the air stream (Agarwal and Liu,
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1980). Nunerical nodels of air flow fields and particle
trajectory paths have been devel oped by Agarwal and Liu
(1980), Addl esee (1980), and Dunnett and | ngham (1986,

1988). Agarwal and Liu determned the theoretical flow field
into athin walled sampling inlet considering both particle
inertia and gravitational settling. A numerical calculation
procedure was used to solve the axisymetric Navier- Stokes
equations and particle nmotion equations.

Addl esee, (1980) studied the intake efficiency of a
Casella cascade inpactor. The inpactor was nodeled as a two
di mensional infinite slot with no end effects. A solution
to the flow field was devel oped by assum ng that viscous
forces were not significant and cal culating streamlines
using potential theory. Fromthe flowfield devel oped, the
particle equations of notion were solved assum ng that
Stokes law is applicable (Re < 1). The equations were put
into finite difference formand sol ved by rel axation

Dunnett and | ngham (1986) devel oped a nat henatica
theory to predict aspiration efficiency of two dinensional
bl unt bodi es using the Boundary Integral Equation Method.
Once the velocity field of the systemwas known, the
particle equations of motion are solved assuming that the
Reynol ds nunber is always less than 1.0 and thus Stokes'
drag could be applied. The equations were put in finite
difference formand solved nunerically. In 1988 they
expanded the two di nensional solution to an axisymwetric
bl unt body sanpler and numerical |y predicted aspiration
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efficiency by particle tracking using finite difference
t echni ques.

Flynn and M|ler (1989) used the boundary integral
equation nmethod to nodel air flowinto |ocal exhaust hoods.
Their solutions follow the sane |ogic as Dunnett and | ngham
and give good agreenment with analytic solutions for flow
into an infinitely flanged rectangul ar hood with a constant
velocity at the hood face, and with other enpirical nodels.
The advantage of their nodel was that it reduced a 3
dimensional air flow solution to a 2D area solution al ong
t he boundary of a specified domain.

This research enploys the nodel of Flynn and Mller to
estimate the air flowinto a sampler inlet, and then applies
the solution for the particle equations of notion devel oped
by Alenius (1989) to determ ne aspiration efficiency. The
particle notion equations are described in the THECRY
section which foll ows.

The referenced nunerical nodels to calculate aspiration
efficiency were limted by the geometry of the solution
domai n and enployed finite difference techniques to solve
the particle equations of motion. By conbining the 3D
airflow solution of Flynn and MIller with the analytic
solution to the equations of motion proposed by Al enius
(1989), this nodel can calculate particle trajectories into
a thin edged inlet. This nodel has a significant advantage
over other nodels as it does not require finite difference
discretization to calculate particle trajectories and has
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the flexibility to be devel oped for any arbitrarily shaped
domain and sanpling inlet over a wide range of particle size

and vel ocity conditions.


NEATPAGEINFO:id=D33F904A-34CF-4698-998E-F2EC6FFCFF9F


THEORY

To nodel particle flow, a nmethod for determning the
characteristics of the flowfield into an arbitrarily shaped
and oriented sanpling inlet is required. Once the flow
field is described, particles can be placed into the field,
assigned initial conditions, and tracked. Fromthe
trajectories, an estimate of the aspiration efficiency can

be nmade and conpared with previous nodels or experinmental

dat a.

The boundary integral equation nethod (BIEM is a
nmet hod of solving a potential flow problemfor any
arbitrarily shaped domain. The assunptions in the
devel opment are inviscid, inconpressible, irrotational flow
which leads to the foll ow ng expressions:

grad-V = 0 (continuity equation for (6)
i nconpressible flow),

and;

curl V=0 (irrotational flow). (7)
Irrotational vector fields possess a potential function such
that the vector is equal to the gradient of the potential
<t), and thus

vV = gr ad O. ( 8)
By conbining the above equations

grad-V = grad-(grad <t>) or

gr ad20 —= o (9)


NEATPAGEINFO:id=9D067612-AEAF-47B5-BC63-9176C2A90494


Equation (9) is Laplace's equation. By applying the
di vergence theorem and Geen's second identity, an equation
can be derived which relates the velocity potential an any
singular point (P) to the potential and normal derivatives
of potential along the boundary of a specified domain.

The derivation (Liggett and Liu, 1983) yields the
foll ow ng equations which formthe basis of the Boundary

| ntegral Equation Method for two and three dinensiona

donmai ns.

M a<t>(T) =S [((1>/R) 6RI6n) - ((10R) 6016n)] dS (10
30 -a0(P) = Ss [(O(6(L/R/6n)) - ((I/R60/6)] dA (11)

0 = velocity potenti al
60/ 6n = velocity normal to the boundary
a = solid angle about (P)
R = di stance from singular point (P) to

a point on the boundary, o

cl osed curve surroundi ng and defining

t he 2D donmmi n

SI = closed surface surroundi ng and defining
t he 3D donmai n

differential elenment on r

differential area on S.

r

ds
dA

The above equations can be witten in discrete formin
either two (Liggett and Liu, 1983) or three dinensions
(Flynn and M1Iler, 1989). After specifying either <t> or
6*/6n at each node on a discretized boundary of N nodes,
equation (10) or (11) is witten for each node by
successively placing the singular point (P) at each node on
the boundary. This results in a systemof N equations in N
unknowns which are sol ved sinultaneously to give the unknown
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value of 0 or 60/6n at each node on the boundary. Once the
boundary val ues are known, (P) can be |ocated at any
internal |ocation and the left hand side of equation (10) or
(11) differentiated to give the velocity at the internal
poi nt .

Once the velocity field is determned, particles can
be placed in the air streamand their notion tracked. This
model uses an anal ytical solution to the particle equations

of notion devel oped by Al enius (1989). The general form of

.the equation is:

d2r/dt2 - [QRe)/T(u-(dr/dt))]-g =0 (12)

where bol d face variabl es denote vector quantities.
In the above equation, the follow ng notation is used:
d2r/dt2 (=dv/dt) is the acceleration of the particle

Q Re) is a dinensionless factor based on the
Reynol ds nunber and the drag

coefficient

Tis the particle relaxation tine in air

uis the air velocity at the particle
| ocati on

dr/dt=v is the velocity of the particle
gis the earth's gravity

O is the null vector

r is the particle position vector

The general equation presented is not anal ytically
solvable. The reason is that the factor QQRe) and the air
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velocity u vary along the trajectory of the particle and
thus indirectly with tinet. |If the air velocity at the

poi nts where the particle is successively |ocated can be
described as a linear function of the tine that has el apsed
and QRe) is assunmed to be constant over the tine interval

an anal ytical solution to the general equation can be
obtained. This condition is approximately net if the notion
of the particle is successively cal cul ated using
sufficiently snall time intervals. A conplete derivation is

presented in the appendix. The analytic solution is:

v(t-ff) = Uat' +Ub- (Ub-v(t))exp-[QRe)t'/T] (13)

r(t+t') = r(t)+Ua/2t' 2+Ubt"’
-(Ub-v(t)) T/ QRe) (I -expQ Re)tVT) (14)

where t' is the size of the tine step and Ua and Ub have
been added to sinplify the appearance of the equati on:
Ua = (u(t) -u(t-t*))/t' (15)
Ub = u(t)-(Ua-g)T/QRe). (16)

Particles can now be tracked in any domain in which the
air field is known, and the efficiency of aspiration
determned. Aspiration efficiency is calculated as the
ratio of particles entering the inlet to particles in the

undi sturbed flow field far upstream equation (1). Figure 1

shows a conceptual streamtube of particles flowing in an
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airstreamof given velocity, Uo, into an inlet sanpling at a
constant velocity, U . The boundaries of the streamtube
represent all particle trajectories which just enter the
tube. These trajectories are called critical trajectories.
Particles |ocated outside this tube would not be drawn into
the inlet. The flux of particles passing through the
upstream pl ane of the streamtube is particle concentration,
Co, multiplied by the streamtube cross sectional area, Ao,
times the freestreamvelocity, Uo. By
equating the flux of particles through the plane of the
streamtube upstreamfromthe inlet to that through the
pl ane of the sanpler face, G A U, the expression in
equation (17) is obtained.

Co Ao Uo = G A U (17)
From equation (1), Ea = Ci/Co, thus:

Ea = Ao Uo/ A U (I B)

I n equation (18), the characteristics of the sanpler
inlet, Al and U, are known as well as the free stream
velocity, Uo. By determ ning the coordinates of the
critical trajectory start points in the free stream an
estimate of Ao and Ea can be made. This can be done by
Iteratively assigning particle locations in the free stream
and tracking each particle in the domain until the critica

trajectories are |ocated.


NEATPAGEINFO:id=8019B273-28FE-4349-8731-C432B6091FC0


13

METHOD

The nodel was devel oped using a sinple two di nensiona

probl em whi ch was then expanded to a nore conplex three

di mensi onal case. Both isoaxial and non-isoaxial inlet

orientati ons were nodel ed. Non-isoaxial conditions

consisted of orienting the inlet at a pitch angle of 30° to

the freestream

Two Di nensi onal Model

The two di nmensional problemwas nodeled as an infinite
slot. The coordinate systemto visualize in two di mensions
IS an x-y cartesian systemwth the origin |ocated at the
center of the inlet. The positive x direction extends al ong
the centerline of the hood face and the y direction is up
and down, with gravity acting in the -y direction.

The air flowinto the slot was nodel ed using the
boundary integral equation method which provided a sol ution
everywhere on the boundary of the domain for the potenti al
and the normal derivative of potential. Fromthe boundary
solution, the exact velocity conponents at any interna
poi nt were cal cul at ed.

A FORTRAN conputer programfor the two di mensional
boundary integral equation solution, witten by Liggett and
Liu (1983), was used for the 2D solution. The program
called G\B, returned the boundary values and the |ocal air
velocity conponents within the domain needed to cal cul ate
particle trajectories. GWB was combined with a subroutine
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witten to solve the Alenius solution to the equations of
notion, (11) and (12), and track particles within the
domain. Figure 2 shows the flow of logic in the program

The boundary of the domain in the sinple 2-D case is
shown in figure 3. The origin of the coordinate axes are
| ocated at the center of the sanpling inlet. The upper
| ower, front and rear boundaries of the domain are at a
di stance of 20 inlet dianeters fromthe inlet face. The
remai ni ng boundary consists of a rectangular indentation to
represent the sanpling nozzle of dianeter equal to its
wi dt h.

In figure 3, the boundary conditions are marked. The
upper, lower, and rear boundary are situated far enough away
fromthe sanpling inlet to have potential due exclusively to
the free streamvelocity, or:

O = Uox(x) + Uoy(y) (19)
where Uox and Uoy are the magnitude of the free stream
vel ocity conponents and x,y are the |ocation coordinates.
The boundary condition on the |ine opposite the hood face is
60\6n = Uox, the free streamvelocity normal to the surface.
On the upper and | ower edges of the sanpling inlet the
boundary conditions are 60\6n = 0, no flow through the walls
of the nozzle. At the face of the inlet 60\6n is equal to
sanpling velocity, U.

For the situation where an inlet pitch angle was

i ntroduced, the donmain was not rotated 30° and a new
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Figure 2.
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boundary cal cul ated. Rather boundary conditions were
adjusted to represent the freestream Uo, as

the resultant of the free streamnormal to the front
boundary, Uox, and a crossdraft, Uoy. This required a
coordi nate system conversion where the gravity vector in the
X and y direction were -g sin(e) and -g cos(e) respectively,
e was the angle of msalignnent and g the magnitude of the
gravity vector. The origin of this coordinate system was
still centered at the inlet face.

The solution required the domain to be discretized into
nodal elenents as shown in figure 3. Mich finer
di scretization than presented in the exanple is required
because nunerical accuracy during calculation of internal
poi nts suffers when the internal point is within 1 el ement
| ength of the boundary.

The initial conditions assigned to the particles in the
free streamare that they are falling at their termna
settling velocities and noving in the air stream (Addl esee,
1980) at the velocities calculated by the BI EM sol ution
Term nal settling velocity (Vts) was cal cul ated using
St okes' Law

WVt s = T 9  20)
where t is the particle relaxation tinme (Reist, 1984) and ¢
is the acceleration due to gravity.

In two dinensions, it was necessary to define the

| ocation, in the free, streamof the upper and | ower
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critical trajectories to calculate aspiration efficiencies.
This is because in two dimensions equation (18) reduces to:
Ea = do Uo/di Ui (21)
where di is the inlet dianeter, and do is the distance
between the upper and lower critical trajectories. Internal
air velocity coordinates were cal culated using BIEM then
the particle position and velocity were predicted using the
anal ytical solution and the process repeated. The critica
trajectories were determ ned by selecting a point far
upstreamand tracking a particle fromthis point either into
(capture) or past (mss) the inlet. Once a missed and
captured trajectory were found the average of the two
starting points determned the next point. Convergence
occurred when the distance between the particle trajectory
start point which is captured and that which escapes is |ess
than a preset value. The programwas designed to | ocate
both an upper and lower critical trajectory corresponding to
the upper and | ower edges of the sanpling inlet. The
di stance, s, between the upper and |lower critical
trajectories, do, was determ ned using the distance fornula,
equation (22).
S= ((X-X2)2 + (yi-y2)2 + (21-22)2)54 (22)
Three D nmensi onal Model
In three dimensions, Uo, Ai, and U are given and Ac is
determned to calculate aspiration efficiency, equation

(18). Ao is the area of the trajectory tube at an upstream
| ocation where the air flowis not influenced by the
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sanpling velocity. This area represents the boundary of the
streamtube at an upstreamlocation in which particles wll
enter the sanpling inlet (Fig 1).

The shape of the three-dinensional domain is a square
sided volune of half-width equal to 20 inlet w dths.
Extending fromthe rear wall of the volunme into the center
of the volune for a distance of 20 inlet widths is a
sanpling inlet wwth a square cross section. An equal area
square is used to nmodel a circular inlet to sinplify the 3D
boundary discretization.. The origin of the cartesian
coordinate systemis |located at the center of the inlet.

The X direction extends away fromthe hood face along its
centerline. The z coordinate represents the height of the
domain and the y coordi nate represents the wi dth.

For boundary conditions, the potential is specified on
the front, rear, top, bottom and side faces of the 3D
domain. The velocity is specified over the inlet face as
U, and at the walls of the inlet tube as 0 cnfsec. As in
2D, the boundaries of the 3D domain are situated far enough
away fromthe inlet to have potential due exclusively to the
free stream

O = Uox(x) + Uoz(z) (23)
Here, Uox represents the velocity perpendicular to the front
face of the domain and Uoz is the crossdraft vector used
when the sanpling angle did not equal zero. As in 2D, the
gravity conponents in the coordinate system nust be adj usted

when a crossdraft is used to nodel the sanpling angle.
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The flow field is defined using the sane theory as in

two di mensions but using a FORTRAN programwitten by Flynn
and MIller (1989) to solve the BIEM problem for three

di nensi ons.

Particle trajectories were calculated in the sane
manner as in two dinmensions with Bl EM provi ding the | ocal
air velocity conponents at the particle |ocation. The
particles were assigned initial conditions as described in
the 2D section and the equations of nmotion, with a third
di nensi on added, were solved to predict the particle's next
position and velocity. The programlogic is the sanme as
t hat shown in figure 2.

Because the domain is now in three dinensions, the
regi on cannot be discretized into |ines between nodes,
rat her, the boundary nust be divided into areas. Flynn and
MIler (1989) used triangular elenents on the boundary.
Exanpl es of the discretization input files for the boundary
are presented in the appendi x.

The critical trajectories in 3D were determ ned by
selecting a point far upstreamand tracking a particle from
this point either into the inlet (capture) or out of the
domain (mss). The start point is a specified nunber of
inlet dianeters, XDIN, in front of the inlet and in the
direction of the resultant velocity vector in the x-z plane.
For 0", this point is along the x axis at x=XDIN, y=0, z=0,

because Uo = Uox for this condition. For all other angles
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the first trajectory start point, figure 4, i s calcul ated

as:
X = XDI N cos(e)

N/ = O. O C ==

z = XDI N si nO

The rationale for choosing this start point is to
obtain a capture trajectory around which starting points for
the critical trajectories can be centered. |If this first
poi nt does not yield a capture, the start point is
increnmental ly adjusted up or down along a |ine perpendicul ar
to the free streamand the trajectory is recal culated. The
process is repeated until a first capture identified.

Once a capture trajectory is found, a series of start
points at which to begin critical trajectories are defined
at a distance far enough away fromthe coordi nates of the
first capture to have a high probability of a mss. These
points are | ocated a specified distance, AA fromthe
coordi nates of the first capture (xl,yl,zl) in increnenta
degree steps, a, around a semcircle in the plane
perpendi cular to the free stream figure 5. Citica
trajectories for only one half the area were cal cul ated due
to the symmetry of the problem

The equations for these points are:
X =xI + (AA sin(e) sin(a))
Yy = AA cos (a) (25)

z = zI + (AA cos(e) sin(a))
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{xL,y1,21)

Trajectory start points

X = x1 + (AAsIn(0)sln(a))
y = AA cos(a)

z =171+ (AAcos(0) sin(a))
0 = angle of msalignment

semcircle centered around 1,Y1,Z1) at degree increnents,
a, al ong rays a distance AA fromthe center.
(-90" i a 1 90")

Figure 5. Trajectory start(ﬁoints are located on a
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If the start points defined in equation (25) result in
a capture, the start point is incrementally adjusted farther

fromthe initial capture point and the trajectory is

recal cul ated until a m ss identified.

Each first capture and initial m ss coordinate
conbination results in a ray the end points of which define
t he upper and | ower bounds of the critical trajectory and
all rays are contained in the sane plane perpendicular to
the free stream Fromthis point, the starting coordi nates
of the last mss and | ast capture trajectory are averaged to
determ ne the coordi nates of the next start point on the
ray. The process is repeated until the convergence criteria
was satisfied. Critical trajectories are found for each
starting point around the semcircle.

The output of the particle tracking routine is a series
of points representing the critical trajectories which
define Ao. The area, Ao, is calculated nunerically with a
FORTRAN program using the trapezoid rule. FromAo, Ea is
cal cul at ed usi ng equation (18).

The nodels, both 2D and 3D, were verified by conparing
the conputed aspiration efficiency with the unified
aspiration nodel proposed by Hangal and WI I eke (1990),
equation (2).

The Prograns
The two di mensi onal program was conpiled and run using

M crosoft Fortran version 2. The entire aspiration

efficiency calculation was run using one program This
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programinitially calculates the boundary solution for the
donmain then calls subroutines to calculate particle velocity
and position, and internal air velocity conponents at the
particle's location. Al 2D simulations were run on a Del
386 personal conputer and took approxinmately 15 mnutes to
conpl ete. Each programrun cal cul ates approximately 30
separate trajectories wth approxi mately 100 points

cal cul ated per trajectory.

Figure 6 shows an exanple of the output of the 2D
programw th particle positions plotted as trajectories.

The particle trajectories were plotted using a sinple
routine witten in BASIC (see appendi x). The distance

bet ween the upper and lower critical trajectories was the
basis of determning the aspiration efficiency as defined in
equation (22). A commented version of the 2D programis
contained in the appendi Xx.

The 3D programis much nore conplex than the 2D version
because of the addition of a third di nension and the
resulting conplexities of solving the Bl EM equati ons.

Because of this, 3D sinulations were run on a Convex Super
Conmputer. The 3D sinulations were run using two FORTRAN
prograns. The first program 4PTGQ F, is the Bl EM boundary
solution program The input for this programwas a boundary
node and el enent file for each conbination of sanpling
velocity, U, wnd velocity, Uo, and sanpling angle, 6. The
input file contained 367 nodes, N, leading to N |inear

equations and N unknowns which were solved using a four
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poi nt gaussi an quadrature. This programtook 5.5 ninutes to
run on the Convex and returned potential and velocity val ues
for each node on the boundary of the donain.

Once the output to 4PTGQ F was received, it was

inported as input to the 3D particle tracking program

TRK15.F. This program consists of a driver to specify
particle |l ocation, test for convergence, and cal

subroutines to performthe BIEMinternal air velocity,
particle position, and particle velocity cal cul ati ons.
TRK15. F was designed to calculate 13 trajectories at 15° (a
= 15° in equationkk (25)) increnents around a senicircle
surrounding the initial capture point (see figure 5). This
l eads to the cal cul ati on of approximately 10 trajectories
per starting point, over the 13 starting points specified by
the degree increnent, a, with 20-30 points al ong each
trajectory to deternmine the fate of the particle. A typical
conbi nati on of program vari abl es shown bel ow t ook 68 mi nutes

of conputer tinme on the Convex:

0. 0005 seconds
0.05 cm

time step
convergence criteria

Uo = 500 cni sec

u = 250 cnl sec
particle dianeter = 5 "m

e = 30 degrees

The output of TRK15.F is a series of points which
defines a region in the freestreami nsi de of which al
particles are aspirated to the face of the sanpling inlet.

Figures 7 and 8 show an exanpl e of the 3D nbdel output.
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3D I'soaxiai Sample Qut put

XDN

Ua- 250 on/sK, Ui-1000 an/s*c

2gn

Plot of critical trajectories
in freestream view AA

Figure 7. Plot of critical trajectory start points in their
starting plane. The area inside the curves is the estimte

of Ao in equation (14). The area is assuned symretrical
about \ =0.0.
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3D Non-isoaxjai Sanple Qutput

\

Uo=2S0 cmisec. Ui=1000 cm S6c

Y P a_B-

Plot of critical trajectories
| nfreestream vi ewAA

Figure 8. Plot of critical trajectory start point in their
starting plane. The area inside the curves is the estimate
of Ao in equation (14). Z', Y represent the |ocal

coordi nate systemcentered at (X1, Y1, Z1).
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Figure 7 is an exanple of output for an isoaxial set of
conditions. The plot consists of the |ocation of the
critical trajectories in the y-z plane at a constant val ue
of X (distance in front of the sanpling inlet) equal to XD N
in equation (24). In this case, x is constant because the
sanpling angle is 0* and the freestreamis flowing in a
direction perpendicular to the plane at x = XDI N

The plot in figure 8 represents the area in the
freestream Ao, which is perpendicular to the freestream
resultant velocity for the case when the sanpling angle was
30°. In this case, a sinple plot of the y-z coordinates
woul d not represent the actual area of Ao as x was not
constant over the plane of interest. To solve this problem
the critical trajectory coordinates were converted to a
| ocal coordinate system centered around the coordinates of
the initial capture point. First the distance, s, between
the first capture point and the critical trajectory
coordi nate on each of the 13 rays defined by a, the
i ncremental angle, was cal cul ated using the distance
formula, equation (22). After the distances between the
points were cal cul ated, the x and y coordinates of the
critical trajectories determned using the follow ng
rel ati ons:

h = s cosa (26)
Z' = s sina
The | ocal coordinates were then used to nunerically
calcul ate the area using the FORTRAN program AREA F.
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RESULTS

Several conbinations of free streamvelocity, Uo, inlet
size, di, inlet sanpling velocity, U, sanmpling pitch angle
(msalignment to the free stream, and particle aerodynamc
di anmeter, dae, were run through the 2D and 3D prograns.
Tabl e 1 summarizes the input variables which coincide with

i nput paraneters used by Wener (1987).

TABLE 1
Model | nput Paraneters

di Uo Ui dae t heta
cm_ cmsec__cmsec__mcron degrees
.32 250 125 5.0 0
1.0 500 250 40.0 30
1000 500
1000

The two di nensional programwas run for 96 conbi nations
of particle size (dae), velocity ratio (Uo/ U ), sanpling
angle (6), and inlet diameter (di). The results are
summari zed i n the appendi x.

A linear regression of the BIEM predicted aspiration
efficiency on the empirical aspiration efficiency calcul ated
fromthe unified aspiration nodel, equation (2), was
perfornmed for all 2D data collected, for all 0"

conbi nati ons, and all 30° conbinations. The results are

sunmarized in table 2. Figures 9, 10, and 11 are plots of
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the 2D aspiration sinulation versus the unified aspiration

nodel , equation (2).

TABLE 2

Two Di nensi onal Model Li near
Regr essi on Results

CATEGORY SLOPE Y I NT LCL(i) UCL! 2) R2( 3)
Al Data 0.842 0o 074 0. 788 0. 895 0.917
Al 0° 0. 963 0o 077 0. 941 0. 986 0. 993
Al 30° 0. 664 o 118 0. 599 0.729 0.911

(1) LCL - 95% | ower confidence Iimt for slope
(2) UCL - 95% upper confidence limt for slope
(3) R - correlation coefficient

The 3D results are presented in the appendi x and
sunmarized in figures 12, 13, and 14. Table 3 contains the
| i near regression results which conpare the nunerical
prediction of aspiration efficiency with the unified nodel

of Hangal and WI I eke, 1990.

TABLE 3

Thr ee D nensi onal Mbdel Li near
Regressi on Results

CATEGORY SLOPE Y | NT LCL <1) ucCL12! R2 ( 3)
All Data 1. 062 - 0. 062 1. 026 1. 099 0. 995
All O-° 1. 059 - 0. 026 1. 036 1.082 0. 999
All 30-° 1. 064 - 0. 096 0. 980 1.148 0. 991

(1) LCL - 95% | ower confidence |limt for slope
(2) UCL - 95% upper confidence Iimt for slope
(3) R2 - correlation coefficient
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A't 2D (0 and 30 degrees)

= 4 -—h

Unified Model Aspiration Efficiency

Figure 9. 2D results, all data. Plot of the predicted
efficiency devel oped fromthe Bl EH and Al eni us theories

agai nst the enpirical unified aspiration efficiency nodel of
Hangal and W/ | eke (1990).
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| soaxial Case (0 degrees)

Ct#

= A -—h

Unified Model Aspiration Efficiency

Figure 10. 2D results, isoaxial data. Plot of the

Pred|cted efficiency devel oped fromthe BIEM and Al enj us
heories againstthe enpirical unified aspiration efficiency
nodel of Hangal and WI | eke (1990).
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Non-| soaxiai Case (30 degrees)

J2"4

= A -k

Unified Model Aspiration Efficiency

Figure 11. 2D results, no' n-isoaxial data. Plot of the
predi cted efficiency devel oped fromthe Bl EM and Al eni us
theories against the enpirical unified aspiration efficiency
nodel of Hangal and W Ueke (1990).
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Al 3D (0 and 30 Degrees)

= - &

Unified Model Aspiration Efficiency

F| ure 12. 3Dresults, all data. Plot of the predicted
|C|enc deve| oped fromthe BIEM and Al enius. theories

ﬂga|nﬁt ﬁemfﬁpéﬂlcflg 8§f|ed aspiration efficiency model of

nga
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3D I'soaxl ai Case (0 degrees)

LIMfPirtiet

=== A - &

Unified Model Aspiration Eficiency

Figure 13. 3D results, |soaX|aI data, Plot of the
PLed|cted ef f |C|encg devel OQGF from tge Bl EM and Al eni us

eories against the enpiri unified aspiration efficiency
nmodel of Hangal and W/l eke (1990).
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3D Non-1soaxl ai Case (30 degrees)

Li Mof Pwf i al

p— — <
Unified Model Aspiration Efficiency

Fi g l(ere 1@ ff3D resulta non- ISO]@XI al dat%| EMPI oh &f the
Prea cLed gt el engy devel oped |om Le BLEM and A et s ency

nmodel of Hangal and Wl leke (1990).


NEATPAGEINFO:id=A69634F3-9CBB-4312-AB6B-4CF76DA20D5B


39

DI sCUssI ON

The two dinensional nodel showed good agreenent with
the unified aspiration nodel for the isoaxial conditions.
Fromtable 2, the slope of the regression line for the 0"
sanpling angle is 0.96. A slope of 1.0 would indicate
perfect agreement with the unified model. The largest error
in the 2d nodel occurred when the velocity ratio was |ess
than 1. In this case, the inlet velocity was 2 to 4 tines
greater than the wind velocity leading to |arge changes in
air velocity and direction as the particles approached the
inlet face.

The noni soaxi al 2D nodel was tested for a 30° sanpling
angl e and showed poor agreement with the unified nodel. The
percent difference between the unified nodel aspiration
efficiency and the predicted aspiration efficiency was as
large as -71% The sl ope of the regression line for this
set of conditions was . 66.

Qverall, the 2D nodel fairly represented the aspiration
efficiency of aerosols into a thin edged inlet. The
regression equation, slope of 0.84, was biased due to the
poor agreement of the 30° nodel with the unified nodel.

As shown in table 3, the three dimensional solution
performed significantly better in all categories when
conpared to the 2D nodel. The slopes of the regression
lines were close to 1.0 for all cases indicating that the

conputer model accurately calcul ates aspiration efficiency
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val ues when conpared to the unified aspiration efficiency
nodel . Table 4 shows a conparison of the 2D percent error
with that of the 3D nodel for the sane conbi nati ons of
velocity ratios, sanpling angle and particle diameter. As
can be seen, in nost cases, the 3D nodel led to an

i nprovenent in the aspiration efficiency val ue.

TABLE 4

Compari son of 2D Model Error
with the 3D Results

uo Ul THETA DP 2D ERR 3D ERR
1000 125 0) 5 22% 2%
1000 125 (0] 40 4% 5%
250 1000 (0} 5 12% - 9%
250 1000 (0] 40 26% 9%
1000 125 30 40 - 39% 5%
250 1000 30 5 -11% -11%
250 1000 30 40 - 3% -10%
500 500 0) 5 1% 3%
500 500 30 5 -10% 0%
500 250 (0] 5 11% 6%
500 250 30 5 - 6% 7%
500 125 (0] 5 26% 4%
500 125 30 5 17% 10%

Sone error was introduced into the above conparison
because the unified nodel of aspiration efficiency was
devel oped for circular, thin edged inlets. This may have
sonme effect on the conparison of calculated efficiency with
the aspiration efficiency derived fromthe conputer. This
does not, however, affect the nodel cal cul ati on of
efficiency because the actual areas using the square inlet

were used in equation (18).
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Boundary di screti zation, particle start point,
convergence criteria, and tine step (f) were the nost
i nportant paraneters in deternining accurate sol utions.
Boundary di scretization had to be dense enough so that
calcul ations of internal velocities were perforned at
di stances greater than the di stance between nodes on the
near est boundary (Flynn and MIler, 1989). Thi s was
acconpl i shed by devel opi ng a 2D boundary consi sting of 75
nodes wi th dense discretization near the inlet face and
along the inlet sides. The appendi x contai ns a sanpl e i nput

file for the 2D boundary di screti zati on. Wth this

di screti zation, few aberrations in internal velocity

cal cul ati ons were seen. This was not the case for the 3D

sol uti on.

The t hree di nensional nobdel boundary discretization
was proportional to the 2D discretization with the sides of
the triangular elenments equal in length to the distance
bet ween nodes in the 2D discretizati on. This led to an
input file containing 367 nodes defining 693 el enents. As
described by Flynn and MIller, the triangular elenents are
defi ned by nunbering the elenent with the node nunbers
corresponding to the vertices of the triangular elenent in a
cl ockwi se fashion | ooki ng out of the donain. Thi s was done
for approximately 1/2 of the elenments starting at the inlet
face and along the walls of the inlet using a triangul ar
el enent generating programwitten for this problem The

renmai nder of the element input file was fashi oned using
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LOTUS spreadsheets because of the conplex interactions of

conmon nodes al ong the edges of each facet of the cube and

at its corners.

Even with this dense 3D boundary discretization,
internal calculation of air velocities at points |ess than
0.05 cmfromthe face and walls of the inlet were extrenely
I naccurate with the val ues being orders of magnitude |arger
than the freestreamvelocity. This led to large errors in
the prediction of particle location which is dependent in
part on accurate calculation of air velocity at the
particle's current location. To avoid this error, capture
criteria for the particle was extended by a factor of 0.05
cmin front of the inlet face and around its edges. This in
effect enlarged the face area, A, to 1.11 cnf* for a square
inlet of side equal to 1.0 cm This enlarged area was the
area used in the aspiration efficiency equation (18).

The effect of enlarging this area was to alter the
actual average air velocity noving into the "inlet". Over
the face of the inlet the air velocity was specified as U.
Over the thin layer defining the addition to the actua
inlet, the average velocity had a val ue which was a function
of the free streamvelocity and the sanpling velocity.
Because of this there is sone error in the specification of
U in equation (184) and hence Ea.

Anot her problemw th the 3D boundary discretization
involves the interface of a surface of the boundary where

the velocity is specified with another surface where the
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velocity is also specified, but is different than that of
the first surface. |In the final nodel, this occurred only
at the nodes surrounding the edges of the face of the
sanmpling inlet. Here, the velocity over the face was
specified as the sampling velocity, U, and the velocity on
the edge of the tube and along its length was specified as 0
cmsec. This caused a discontinuity of velocity at the
edges of the sanpling inlet. The effect of the

di scontinuity was to cause inaccuracies in interpolation of
vel ocities over the elements involved. This interpolation
error was mnimzed by inserting a very thin row of elenents
just inside the edges of the inlet. For the final nodel the
width of this small |ayer was 0.001 cm

Particle start points were inportant because the
aspiration efficiency calculation requires the critica
trajectory start points to be in the free stream It was
found that at distances of 6 inlet dianeters fromthe inlet,
local air velocity and direction was within 5% of the
specified free streamvelocity. This agrees with the
findings of Belyaev and Levin (1972) and held true for both
2D and 3D nodel s.

When determning the location of critical trajectories,
the di stance between the last capture trajectory start point
and last mss trajectory start point was conpared to the
convergence criteria. Once the distance reached a preset
criteria, the points were averaged to give the start point

of the critical trajectory. The convergence criteria for
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the 2D nodel was set at 0.01 cmafter iterations at criteria
smaller than this caused a less than 1% change in the
calcul ated efficiency. The convergence criteria for the 3D

model led to good agreement with the unified nodel when set

at 0.05 cm

The time step was the nost critical factor in
devel oping accurate particle trajectories. Time steps that
were too large resulted in predictions of trajectories that
were too coarse to accurately predict the particle nmovenent.
Unnecessarily small tine steps caused excessive conputing
time. Through a series of programtests, 0.0003 seconds was
chosen as the time step for the 2D nodel with a further
reduction by a factor of 10 once the particle cane within 1
inlet diameter of the sampling inlet to account for the
| arge velocity changes near the face of the inlet.

The tine step and the convergence criteria for the 3D
nodel were not as sensitive in the determ nation of the
aspiration efficiency as they were in the 2D case. Since
the 3D nodel nore realistically represented the physics of
the problem accurate solutions were obtained for tine steps
ranging from0.001 to 0.0003 seconds with the time step
bei ng hal ved when the particle was within 1 inlet diameter
of the inlet face.

Because the size of the time step indirectly predicts
t he distance the particle will nove; positions predicted

when the air is turning and accelerating will not lie on the

the actual trajectory. This is clearly seen in the 3D nodel
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for velocity ratios of 2 and 4 where the estimate of Ea was
consistently larger than the unified nmodel prediction. In
this case, the air is approaching the inlet faster than the
inlet is sampling and nmust diverge around the inlet.
Particle trajectories wll also diverge but the predicted
position will lie slightly inside of the actual trajectory.
This causes an overestinmate of Ao |eading to an increase in
t he prediction of Ea.

When running the nodel under certain conditions, the
time step and capture criteria became very critical in
determ ning whether a trajectory resulted in a mss or
capture. In the three dinmensional nodel, when Uo = 1000, Ui
= 125 cm'sec, and 9 = 30° the best estinmate of aspiration
efficiency was off by 39% when conpared to the unified
model . Under these conditions the air flowis approaching
the inlet at 8 times the sanpling rate causing significant
divergence of the air stream ines around the face of the
inlet. This situation conbined with the sanpling angle
results in particle trajectories which nove virtually
straight up in the positive z direction at |ocations wthin
0.1 cmof the inlet face when the particle is approaching
the inlet fromabove the centerline. The air velocity in
this area is also noving very fast. The conbination of high
velocity particle and steep angle of approach toward the
sample inlet can easily lead to a predicted particle
| ocation which junps across the numerical edges of the
sampling inlet. A mss trajectory is recorded for this
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situation when in actuality a capture shoul d have occurred.
Thi s causes an underestimtion of Ao leading to a prediction
of Ea which is too small. This situation occurred for the
|l ast four rays around the start point semcircle and is the
reason for the poor performance of the nodel under these
conditions. This situation can be elimnated by reducing
the size of the time step but would lead to a large increase
In computing. The sane problemwas seen in the 2D nodel and
prevented identification of an upper critical trajectory.

By specifiying an incremental angle of 15° in the 3D
model , the programwas |imted to |ocating 13 critica
trajectories. The effect of decreasing a has not been
anal yzed but would lead to a finer outline of the critica
trajectory streamtube and a nore accurate cal cul ati on of
Ao. One anomaly in the output was seen when the ray
specified conincided with the corners of the inlet.

Critical trajectories associated with these rays tended to
lie outside range of critical trajectories on either side of
this point. In one programtest, elimnating these rays
fromthe programinproved the nodel result froma 26%to a
4% err or.

The results presented in this paper show that the
solutions agree with the unified enpirical nodel of Hangal
and Wlleke (1990). The advantage of this nodel is that it
can be expanded to situations beyond that investigated.
These situations include modeling a yaw angle, nultiple

inlets, and inlets of different geometry. Mbdeling a yaw
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angl e as opposed to a pitch angle would require only a shift
in the direction of the gravity conponent in the currently
avai |l abl e boundary file. Mdeling of multiple inlets and
differing inlet geonetries could be acconplished by

rewor ki ng boundary files to represent the new inl et

confi gurations.
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CONCLUSI ON

The boundary integral equation nmethod can be used to
accurately describe the air flowfield into a thin edged
inlet. Once the flowis described, Alenius's (1989)
anal ytical solution to the particle equations of notion can
be used to locate critical aerosol trajectories and
accurately predict aspiration efficiency, A sinple two
di mensi onal nodel described here can accurately predict

aspiration efficiency for small particles when the velocity

ratiois close to 1. In this case, the critica
trajectories are symetric about the center of the inlet.
Wien an angle of msalignnent is introduced and/or the
velocity ratios differ significantly from1.0, a three
di mensi onal nodel is required to describe critica
trajectories and thus aspiration efficiency.

The 3D nodel can accurately predict aspiration
efficiencies which are in good agreenent with the unified
aspiration efficiency nodel for all forward sanpling angles
proposed by Hangal and WIlleke (1990). Further refinenents
to the nodel should inprove the accuracy of aspiration
efficiency estinates.

Finally, this nodel has the capability of predicting
aspiration efficiencies for inlets of differing shapes and
orientations including multiple inlets, yaw angles, and
inlets of differing geonetry. By reworking the boundary
input files, inlets of any geonetry, location, sanpling
angle and size can be studied using these prograns.
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FUTURE WORK

Successful calculation of particle trajectories depends
on several adjustable variables in the programincluding
boundary discretization, calculation time step, convergence
criteria, and capture criteria. Wile this paper
denonstrates that the nmethod can accurately track particles
for given conditions, the above vari abl e have not been
tested to determne their optimmvalues. A study of these
variables will help determne the contribution of each to
the overall error in the program

Boundary discretization of the 3D domain required to
sol ve the BI EM problem can be difficult due to the nunber of
triangular elenents required. Al so, when constructing a
cl osed domai n, a nunber of common nodes appear al ong the
edges of each face of the boundary and at the corners. This
can |l ead to cases where one node is contained in up to 6
di stinct triangular elenments. Boundary files for this
project were manually prepared for about 50% of the donain.
Ful | automation of this process would greatly increase the
applicability of this nethod.

Fi ner discretization at the face of the inlet and al ong
the walls of the inlet wll decrease the distance a particle

can cone within the inlet and inlet sides before internal

air velocity calculations no | onger represent the
conditions. In this project, that distance was 0.05 cm

This will lead to a significant increase in the nunber of
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nodes and triangul ar el ements required to describe the
boundary and may increase the size of the boundary file by
as nmuch as 50% and subsequently increase conputing tine.

Fi ner discretization may be avoi ded by addi ng an

I nterpolation schene to the program This subroutine would
be i nvoked when the particle entered the volune around the
face of the inlet where internal velocity calculations
showed large error. Wile this will cause sone error in the
prediction of internal velocity, it is expected it wll be
| ess than that of assum ng a captured trajectory has
occurred when the particle enters this area.

Redi scretization of the inlet and walls to nore closely
represent a circular inlet may also lead to a better
conpari son of the nodel with the unified aspiration
efficiency equation. This could be done by nodelling the
inlet as an equal area hexagon or octagon. Automation of
the boundary file would be paranmount in this case as the
di scretization woul d becone extrenely tedious.

It may be necessary to add a routine to the programto
automatically decrease the tine step if the distance between
successi ve points becomes large or the particle junps across
the boundaries of the inlet. Alternatively, the path of the
particle can be anal yzed to see if it crossed the inlet and
a routine added to the capture criteria which records a
capture when this situation occurs.

The boundary input files and start point routines were

designed for positive sanpling angles only. The programis
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not general enough to support negative (downward pointing)
inlet orientations. However, by sinply changing the sign on
the gravity vector and representing the negative angle as a
positive angle, predictions of aspiration efficiency nmay be
obt ai ned.

Conbi nati on of the 3D boundary solution programwth
the particle tracking routine and the area integration
routine would further streaniine the efficiency
calculations. Currently, 3 FORTRAN prograns are used to

cal cul ate aspiration efficiency.
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Cal cul ation of Particle Trajectories:

Particle transport is influenced by a gravity force and

a drag force due to the friction of the surrounding air. By

Newt on's second |law, particle nmass tines acceleration is

equal to the sumof the forces on the particle,

= F— e =1 C D

where F is the force, a is the acceleration and bold face

quantities represent vectors.

The frictional force can be expressed by the follow ng
equati on:

Fd = - Cd(Re) Ap pi vr vr (2)
cCc 2

wher e

Cd(Re) is the dinensionless friction factor
dependent on the Reynol ds nunber

CC is the Cunningham slip correction
Ap is the projected area of the particle
pi is the density of the medium (air)

vr is the magnitude of the particle relative
vel ocity
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vr is the particle velocity relative to the
alr.
Cd(Re) is dependent on the particle Reynold's nunber,

Re = wvr dp pi ( 3)
M
wher e

dp is the particle dianmeter (assuned
spheri cal)

fjl Is the viscosity of the air.

Several expressions for Cd(Re) can be found in the
literature (Reist, 1984) with nost yielding no ngjor
deviation (Al enius, 1987). For this project the expressions
used by Al enius are incorporated into a sinplifying

expr essi on:
Cd(Re) =24/ Re ( Re)

where Q(Re) i s defined as: (4)

Re) = 1 for O < Re <= 0.5
Re) =1 + 0.15 Reo-6e7 for 0.5 < Re <= 800
Q Re) = 0.44 Rel 24 for 800 < Re < 20000.

By conbining equations (3) and (4) into equation (2)
and Introducing the expression for particle relaxation tine,
T, asinmplified expression for the drag force becones:
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FA/ m = Q(Re)/ T vr (5)

wher e
T = dp> pi ccC ( 6)
18 M
From equations (1) and (5) the particle notion can be

descri bed as:

d2r/dt2 - [QRe)/T(u-(dr/dt))]-g =0 (7)
wher e
r is the particle position vector
g is the acceleration due to gravity
uis the air velocity at the point where
the particle is | ocated.

Equation (7) is analytically solvable if the factor
QRe) is constant and the air velocity u at the points where
the particle is successively located can be described as a
linear function of the tinme that has el apsed until the
particle reached the point. This condition can be
approximately met it the notion is calculated in

sufficiently small tine steps.

| f we introduce an expression for the |inear behavior

of the air velocity over the tine interval being studied,

t hen:


NEATPAGEINFO:id=DA5B5BFF-F796-49B3-9A60-DCC5255D96D6


u(t) = (u(t)-u(t-t')/t' +b (8)

wher e

t is tine
t' is the length of the tine step
b is sone initial value of velocity

For ease of witing we define the first part of the above

expression as ua.
ua = (u(t)-u(t-f)/7f) (9)
Now if we let A=Q(Re)/T equation (7) can be rewitten
dv/dt - A(uat+b) + Av - g =0
recogni zing that d~r/dt”~ = dv/dt,
or, dv/dt + Av = A(uat+b)- g (10)

|f equation (10) is nultiplied through by e*t the |eft

hand side of the equation will be a derivative.

eAt (dv/dt) + e*t(Av) =(eAt)A(uat+b)- g(eAt)

Integrating both sides of the above equation fromtl| to t2
gi ves:
v,t2)eAt2-V(ti)e*ti = [(uat2)e*t2 - (ual/ A eAt?2
+(b)eAt2 + (g/A) eAt 2]

- [(uat2)e*ti - (ualA) eAti

57

+ (b)e*ti + (g/A)eAti] (n)
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Adding V(ti)e*' i to both side of the equation, dividing

t hrough by 0**2 and sinplifying gives an expression for

V(t2):

v<t2) = uat2 - ua/A+ b + g/A
- {(uatl) - va/lA+ b+ g/A- V(11>}eA(1ll -12> (12)

If we define a sinplifying term

Ub = u(t)-(Ua-g) T/ Q Re)

and define tl as t, and t2 as the tine at the end of the

times step, t' (t2 =t +1t'), substitute the air velocity at
timet for b, and replace Awith QRe)/T, then the solution

is:

v(t+f) = Uat' +Ub-(Ub-v(t))exp-tQRe)t'/T] (13)

Integrating the equation (13) again will give the particle

posi tion:

r(t+t') = r(t)+Ua/ 2f 2+Ubt "
-~ (Uo-v(t)) T/ QRe) (I -expQY Re)f/T) (14)

Equation (13) and (14) are analytical solutions to the
particle equations of notion and are used in both the 2D and

3D particle tracking subroutines.
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2D Boiindary Discretization Sanpl e:

Potential specified on top and rear sides.

Vel ocity specified over front, bottom inlet face
and si des.

DI N 1 cm (inlet dianeter)
THETA 30 degr ees (nozzl e angl e)
ul 1000 cni sec (sanpling velocity)
uo -250 cnl sec (wi nd vel ocity)
UOX -216 . 5064 (x conponent of UO
uoY 125 (y conponent)

NODE PHI DPHI I D
1 20 15 0 -216 .5064 3
2 20 10 o -216 5064 3
3 20 5 o} -216 . 5064 3
4 20 0 o} -216 5064 3
5 20 -5 0 -216 . 5064 3
6 20 -10 o -216 5064 3
7 20 -15 o] -216 5064 3
8 20 - 20 o -216 5064 3
9 19. 99 - 20 0 -125 3
10 15 -20 ) -125 3
11 10 -20 0 -125 3
12 5 - 20 o -125 3
13 ) - 20 0 -125 3
14 -5 -20 0 -125 3
15 -10 -20 0 -125 3
16 -15 - 20 o -125 3
17 - 20 - 20 1830 13 0 2
18 -20 -15 2455. 13 o 2
19 -20 -10 3080 13 0 2
20 - 20 -5 3705. 13 Y 2
21 - 20 -0.5 4267 .63 o 2
22 -17.5 -0.5 0 0 3
23 - 15 -0.5 o o 3
24 -12.5 -0.5 0 © 3
25 -10 -0.5 0 0 3
26 -7.5 -0.5 0 0 3
27 .5 -0.5 o 0 3
28 -4.5 -0.5 o © 3
29 -4 -0.5 0 Y 3
30 -3.5 -0.5 0 © 3
31 -3 -0.5 0 0 3
32 -2.5 -0.5 0 © 3
33 -2 -0.5 o o 3
34 -1.5 -0.5 0 ° s
- -1 -0.5 0 0 3

oooooocooooooo~ooo.~oOooooooooooooooq
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3

1000
1000
1000
1000

1000
1000

1000
1000
1000

3

51

52

53

54
55

56

57

58
59

-10
-12.5

60

-15
-17.5

61

62

4392. 63

0.5

- 20
- 20
- 20

63

4955. 13

5
10
15
20
20
20
20
20

64
65

5580. 13

6205. 13

- 20
- 20
-15
-10

66
67

6830. 13

5747. 6
4665. 06

68
69

3582. 53

70
71

2500
1417. 47

20
20
20
20

72
73

334. 94

10
15
20

-747. 6

74
75

216. 5064 3

0
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3D Boundary Di scretization Sanpl e;
| NPUT FI LE FOR 3D CASE, 367 NODE, 693 ELEMENTS

Potential specified at all faces except at boudary of tube
and at the face. |[I>ur corners specified with potential.

DIN 1L cm (i nl et di anet er)
THETA 30 degrees (nozzl e angl e)

U 1000 cm sec (sanpling vel ocity)

UO -250 cnfsec (v nd velocity)

UOX -216. 5064 (x conponent of UO)

UOY O (y conponent)

Uz 125 (z conponent)
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54 0 -0. 125 0. 499 0 1000
55 0 -0.125 0.5 0 0
56 0 0 -0.5 0 0
57 0 0 -0. 499 0 1000
58 0 0 -0.375 0 1000
59 0 0 -0.25 0 1000
60 0 0 -0.125 0 1000
61 0 0 0 0 1000
62 0 0 0. 125 0 1000
63 0 0 0. 25 0 1000
64 0 0 0. 375 0 1000
65 0 0 0. 499 0 1000
66 0 0 0.5 0 0
67 0 0. 125 -0.5 0 0
68 0 0. 125 -0. 499 0 1000
69 0 0. 125 -0.375 0 1000
70 0 0. 125 -0.25 0 1000
71 0 0. 125 -0.125 0 1000
72 0 0. 125 0 0 1000
73 0 0. 125 0. 125 0 1000
74 0 0. 125 0. 25 0 1000
75 0 0. 125 0. 375 0 1000
76 0 0. 125 0. 499 0 1000
77 0 0, 125 0.5 0 o}
78 0 0. 25 -0.5 0 0
79 0 0. 25 -0. 499 0 1000
80 0 0. 25 -0. 375 0 1000
81 0 0. 25 -0.25 0 1000
82 0 0. 25 -0.125 - 0 1000
83 0 0. 25 0 0 1000
84 0 0. 25 0. 125 0 1000
85 0 0. 25 0. 25 0 1000
86 0 0. 25 0. 375 0 1000
87 0 0. 25 0. 499 0 1000
88 0 0. 25 0.5 0 0
89 0 0. 375 -0.5 0 0
90 0 0. 375 -0. 499 0 1000
91 0 0. 375 -0. 375 0 1000
92 0 0. 375 -0.25 0 1000
93 0 0. 375 -0. 125 0 1000
94 0 0. 375 0 0 1000
95 0 0. 375 0. 125 0 1000
96 0 0. 375 0. 25 0 1000
97 0 0. 375 0. 375 0 1000
98 0 0. 375 0. 499 0 1000
99 0 0. 375 0.5 0 0

100 0 0. 499 -0.5 0 0

101 0 0. 499 - 0. 499 0 1000

102 0 0. 499 -0. 375 0 1000

103 0 0. 499 -0.25 0 1000

104 0 0. 499 -0.125 0 1000

105 0 0. 499 0 0 1000

106 0 . 0. 499 0. 125 °0 1000

107 0 0. 499 0. 25 0 1000
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NODE1 NO DE2 NODE3 NO DE4

ELEM

13
13
14
15
16
17
18

13
13
14
15
16
17
18
19
20
21

19
20
21

10
11

10

10
11

13
13

12
13
14
15
16
17

18
19
20
21

13
14
15
16
17
18
19
20
21

12
13
14
15

14
15
16
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16
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18
19
20
21

18
19
20
21

10
11
12
13

22

13
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13
14
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18
19
20
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22
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14
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24
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18
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27
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32
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25
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23
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13

14
15
16
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18

32

25

26

33
34
35
36
37

26
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27

27

28

28
29

28

29

29
30

19
20
21

30
31

30

31

31

38

39
40

32

32

32

33

22

24
35
36

34
35
36
37

24

25

23

41

24

42

26

25

43

37

27

26

44
45

38

38

28
29

27
28
29
30
31

39

39

46

40
41

40

41

30

a7

31

48

42

42

32

49

43

43

33

32

50

51
52

35

34

35

35

24
25

35

36

36

36

37

26

53


NEATPAGEINFO:id=8F68EB07-F72F-4C4C-89FA-932A0041F185


ELEM
54
55
56
57
58
59
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62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106

NODE1

27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
a2
43
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
46
47
a8
49
50
51
52
53
54
55
56
57
58
59
60
61

NO DE2

38
39
40
41
42
43
a4
35
36
37
38
39
40
41
42
43
44
46
47
48
49
50
51
52
53
54
55
46
47
48
49
50
51
52
53
54
55
57
58
59
60
61
62
63
64
65
66
57
58
59
60
61
62

NODES
37
38
39
40
41
42
43
45
46
47
48
49
50
51
52
53
54
45
46
47
48
49
50
51
52
53
54
56
57
58
59
60
61
62
63
64
65
56
57
58
59
60
61
62
63
64
65
67
68
69
70
71
72

NO DE4
37
38
39
40
41
42
43
35
46
47
48
49
50
51
52
53
54
46
46
47
48
49
50
51
52
53
54
a6
57
58
59
60
61
62
63
64
65
57
57
58
59
60
61
62
63
64
65
57
68
69
70
71
72

70


NEATPAGEINFO:id=F2E8B160-E37B-4B8D-B7AD-78A69E87A63B


ELEM
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159

NODEI

62
63
64
65
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
79
80
81
82
83
84
85
86
87

NO DE2

63
64
65
66
68
69
70
71
72
73
74
75
76
77
68
69
70
71
72
73
74
75
76
77
79
80
81
82
83
84
85
86
87
88
79
80
81
82
83
84
85
86
87
88
90
91
92
93
94
95
96
97
98

NODE3

73
74
75
76
67
68
69
70
71
72
73
74
75
76
78
79
80
81
82
83
84
85
86
87
78
79
80
81
82
83
84
85
86
87
89
90
91
92
93
94
95
96
97
98
89
90
91
92
93
94
95
96
97

NO DE4

73
74
75
76
68
68
69
70
71
72
73
74
75
76
68
79
80
81
82
83
84
85
86
87
79
79
80
81
82
83
84
85
86
87
79
90
91
92
93
94
95
96
97
98
90
90
91
92
93
94
95
96
97
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NEATPAGEINFO:id=A9C9097D-3948-404E-9022-30ED3909826C


ELEM

160
161

162
163
164
165
166
167
168
169
170
171

172
173
174
175
176
177
178
179
180
181

182
183
184
185
186
187

188
189
190
191

192
193
194
195
196
197
198
199
200
201

202
203
204
205
206
207
208
209
210
211

212

NODE1
88
89
90
91
92
93
94
95
96
97
98
90
91
92
93
94
95
96
97
98
99

100
101

102

103
104
105

106

107

108

109
101

102
103
104
105

106
107
108
109
109
122
123
124
125
126
127
128
129
130
131

132
133

NODE2
99
90
91
92
93
94
95
96
97
98
99

101

102
103
104
105
106
107
108
109
110
101

102
103
104
105
106
107
108
109
121
112
113
114
115
116
117
118
119
120
110

122
123
124
125
126
127
128
129
130
122
123

NODES

98
100
101
102
103
104
105
106
107
108
109
100
101
102
103
104
105
106
107
108
109
111
112
113
114
115
116
117
118
119
120
111
112
113
114
115
116
117
118
119
121

56
132
133
134
135
136
137
138
139
140

56
132

NO DE4
98
90

101
102
103
104
105
106
107
108
109
101
101
102
103
104
105
106
107
108
109
101
102
103
104
105
106
107
108
109
109
101
102
103
104
105
106
107
108
109
109
56
132
133
134
135
136
137
138
139
140
56
132
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NEATPAGEINFO:id=AB70905C-0640-4370-83FE-79AF8085FF4D


ELEM
213

214
215
216
217
218
219
220
221

222
223
224
225
226
227
228
229
230
231

232
233
234
235
236
237
238
239
240
241

242
243
244
245
246
247
248
249
250
251

252
253
254
255
256
257
258
259
260
261

262
263
264
265

NODE1
134
135
136
137
138
139
140
141
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
152
153
154
155
156

NO DE2
124
125
126
127
128
129
130
131

56
132
133
134
135
136
137
138
139
140
132
133
134
135
136
137
138
139
140
141
111
142
143
144
145
146
147
148
149
150
142
143
144
145
146
147
148
149
150
151
116
152
153
154
155

NODE3
133
134
135
136
137
138
139
140
111
142
143
144
145
146
147
148
149
150
111
142
143
144
145
146
147
148
149
150
116
152
153
154
155
156
157
158
159
160
116
152
153
154
155
156
157
158
159
160
121
162
163
164
165

NO DE4
133
134
135
136
137
138
139
140
111
142
143
144
145
146
147
148
149
150
111
142
143
144
145
146
147
148
149
150
116
152
153
154
155
156
157
158
159
160
116
152
153
154
155
156
157
158
159
160
121
162
163
164
165
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NEATPAGEINFO:id=8931B978-8ABB-4A44-8918-6FB9CE6D8C6C


ELEM

266
267
268
269
270
271

272
273
274
275
276
277
278
279
280
281

282
283
284
285
286
287
288
289
290
291

292
293
294
295
296
297
298
299
300
301

302
303
304
305
306
307

308
309
310
311

312
313
314
315
316
317
318

NO DE1
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
+188
189

NO DE2
156
157
158
159
160
152
153
154
155
156
157
158
159
160
161
121
162
163
164
165
166
167
168
169
170
162
163
164
165
166
167
168
169
170
171

66
172
173
174
175
176
177
178
179
180
172
173
174
175
176
177
178
179

NODE3
166
167
168
169
170
121
162
163
164
165
166
167
168
169
170

66
172
173
174
175
176
177
178
179
180

66
172
173
174
175
176
177
178
179
180

11
182
183
184
185
186
187
188
189
190

11
182
183
184
185
186
187
188

NO DE4
166
167
168
169
170
121
162
163
164
165
166
167
168
169
170

66
172
173
174
175
176
177
178
179
180

66
172
173
174
175
176
177
178
179
180

11
182
183
184
185
186
187
188
189
190

11
182
183
184
185
186
187
188
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NEATPAGEINFO:id=8B4A9E2F-18F9-4BEF-9301-5775A6BEA264


ELEM
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371

NODE1

190
191
182
183
184
185
186
187
188
189
190
191

192
193
194
195
196
197
198
199
200
201

192
193
194
195
196
197

198

199

200

201

122
123

124
125
126
127
128
129
130
131

202
203
204
205
206
207
208
209
210
211

212

NODE2
180
181

11
182
183
184
185
186
187
188
189
190
182
183
184
185
186
187
188
189
190
191

192
193

194
195

196
197

198
199

200
192
193
194
195
196
197

198
199
200
201

131

202
203
204
205
206
202
203
204
205
206

NODES
189
190

192
193
194
195
196
197
198
199
200

192
193
194
195
196
197
198
199
200

122
123
124
125
126
127
128
129
130

122
123
124
125
126
127
128
129
130
151
208
209
210
211
212
151
208
209
210
211

NO DE4
189
190

192
193
194
195
196
197
198
199
200

192
193
194
195
196
197
198
199
200

122
123
124
125
126
127
128
129
130

122
123
124
125
126
127
128
129
130
151
208
209
210
211
212
151
208
« 209
210
211
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NEATPAGEINFO:id=8D8A55E7-349D-430A-ABEE-206E8D72F362


ELEM

372
373
374
375
376
377
378
379
380
381

382
383
384
385
386
387
388
389
390
391

392
393
394
395

396

397
398

399
400
401

402

403

404
405

406
407

408
409
410
411

412
413
414
415
416
417
418
419
420
421

422
423
424

NODE1

213
208
209
210
211

212
213
214
215
216
217
218
219
214
215
216
217
218
219
220
221

222

223
224
225
220
221

222
223
224
225
202
203

204
205
206
207
352
353
354
355
353
354
355
356
357
232
233
234
232
232
233
358

NODE2
207

151

208
209
210
211

212
208
209
210
211

212
213
171

214
215
216
217
218
214
215
216
217

218
219

191

220
221

222

223
224
220
221

222
223
224
225
353
354
355
356
232
233
234
358
232
245
237
358
242
233
234
360

NODE3
212

171

214
214
216
217
218
171

214
215
216
217

218
191

220
221

222

223
224
191

220
221

222

223
224
131

202

203
204
205

206
131

202
203
204
205
206
357

232
233
234
357
232
233
234
359
242
238
240
359
245
237
240

NODE4
212

171
214
214
216
217
218
171
214
215
216
217
218
191
220
221
222
223
224
191
220
221
222
223
224
131
202
203
204
205
206
131
202
203
204
205
206
357
232
233
234
232
232
233
234
359
242
233
240
242
233
233
240
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NEATPAGEINFO:id=6933184B-B5F9-400E-A273-14D38FC5F8D3


425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
47 2
473
474
475
47 6
477

NODEI
242
234
242
350
359
239
243
240
242
244
243
360
361
247
248
249
247
248
249
362
256
257
258
259
257
258
259
230
260
261
262
263
261
262
263
229
264
265
266
267
265
266
267
228
268
269
270
271
269
270
271
° 227
334

NODE2
351
240
239
240
242
248
249
360
247
243
240
362
247
248
249
362
364
365
366
367
257
258
259
230
261
262
263
229
261
262
263
229
265
266
267
228
265
266
267
228
269
270
271
227
269
270
271
227
273
274
275
226
335

NODE3
239

237
247

243
361

247
248
249
361

248
249
249
363
364
365
366

363

364
365

366
260
261

262
263

260
261

262

263
264
265
266
267

264
265
266
267
268
269

270
271

268
269
270
271

272
273
274
275
272
273
274
275
349

NO DE4
242

237
247
240
242
247
248
249
246
248
249
249
247

248
248
249
247

248
249
366
260
261

262
263
260
261

262
263
264
265
266
267

264
265
266
267
268
269
270
271

268
269
270
271
269
273
274
275
269
273
274
275
349
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NEATPAGEINFO:id=3816B3F4-BEB7-40B4-AA58-EA03EF3DE2DA


ELEM
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

NODE1
335
336
337
349
336
337
338
348
277
278
279
277
278
279
339
347
282
283
284
282
283
284
340
347
287
344
341
345
344
343
341
308
273
274
275
273
274
275
226
309
296
297
298
296
297
298
231
310
299
300
301
299
3 00

NODE2
336

337
338
335
278
279
339
349
278
279
339
282
283
284
340
348
283
284
340
287
288
289
341
287
288
288
343
346
345
344
342
273
274
275
226
296
297
298
231
296
297
298
231
299
300
301
236
299
300
301
236
302
303

NODES
277

278
279
277
277
278
279
277
282
283
284
348
282
283
284
282
287
288
289
347
287
288
289
346
345
289
289
287
288
289
343
309
296
297
298
309
296
297
298
310
299
300
301
310
299
300
301
311
302
303
304
311
302

NODE4
277

278
279
277
277
278
279
277
282
283
284
282
282
283
284
282
287
288
289
287
287
288
289
287
288
289
289
287
288
289
343
308
296
297
298
309
296
297
298
310
299
300
301
310
299
300
301
311
302
303
304
311
302
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NEATPAGEINFO:id=411A4920-69CB-4570-802B-88A9B6AFF520


ELEM

531
532
533
534
535
536
537
538
539
540
541

542
543
544
545
546
547
548
549
550
551

552

553
554
555
556

557

558
559

560
561

562
563

564
565
566
567

568
569
570
571

572
573
574
575
576
577

578
579
580
581
582
583

NO DE1
301
236
311
302
303
304
302
303
304
246
272
308
280
309
285
310
290
311
295
305
306
307
305
306
307
251
294
313
314
315
313
314
315
252
293
316
317
318
316
317
318
253
292
319
320
321
319
320
321
254
291
322
323

NODE2
304

246
302
303
304
246
305
306
307
251
308
309
309
310
310
311
311
312
305
306
307
251
313
314
315
252
313
314
315
252
316
317
318
253
316
317
318
253
319
320
321
254
319
320
321
254
322
323
324
255
322
323
324

NODE3
303

304
312
305
306
307
312
305
306
307
280
280
285
285
290
290
295
295
294
313
314
315

294
313
314
315

293

316
317

318
293

316
317

318
292
319
320
321

292

319

320
321

291

322

323
324
291

322
323
324
286
325
326

NO DE4
303

304
312
305
306
307
312
305
306
307
308
309
309
309
310
310
311
311
305
313
314
315
313
314
315
315
313
316
317
318
316
316
317
318
316
319
320
321
319
319
320
321
319
322
323
324
322
322
323
324
322
325
326
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NEATPAGEINFO:id=24E6B21F-1647-4A70-B3A7-7112F123B6C9


ELEM
584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
a2 626
627
628
629
630
631
632
633
634
635
636

NODE1
324
322
323
324
255
286
325
326
327
325
3 26
327
250
281
328
329
330
328
329
330
241
276
331
332
333
331
332
333
235
256
260
264
268
349
256
264
268
272
276
338
111
281
281
339
280
286
286
340
285
291
291
295
290

NODE2
255

325
326
327
250
325
326
327
250
328
329
330
241

328
329
330
241

331

332

333
235
331

332
333
235

257

258
259
230
335

264
268
272
256
260
336
337
338
256

272
280
276
349
280
285
281

348
285
290
286
347
342
295

NODES
327
286
325
326
327
281
328
329
330
281
328
329
330
276
331
332
333
276
331
332
333
256
257
258
259
256
257
258
259
334
335
336
337
334
3352
335
336
337
349
339
339
349
348
340
340
348
347
341
341
347
346
341
341

NO DE4
327

322
325
326
327
325
328
329
330
325
328
329
330
328
331
332
333
328
331
332
333
331
257
258
259
256
257
258
259
334
335
336
337
334
335
335
336
337
349
339
339
349
348
340
340
348
347
341
341
347
346
341
341
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NEATPAGEINFO:id=6CB8B541-7A8D-431E-BE71-4332767671AE


ELEM
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689

NODE1

291

292
344
293
293
294
295
295
226
226
227
228
228
229
229
230
231

226
356
230
236
236
358
235
246
246
360
241

251

251

255

250
251

252
252

253
366
254
255
255
207
225
225
225
219
219
219
213
213
351

207
350
245

NO DE2
346
291
292
292
344
293
294
343
353
227
228
354
229
355
230
356
226
352
230
235
231
357
235
241
236
359
241
250
246
361
367
255
363
251
364
252
253
253
254
366
245
207
238
237
225
350
243
219
244
213
213
237
351

NODE3
345

345
345
344
343
343
343
342
352
353
353
353
354
354
355
355
357
357
358
358
357
359
360
360
359
361
362
362
361
363
362
362
364
364
365
365
365
366
366
367
238
238
237
350
350
243
244
244
239
239
351
240
242

NO DE4
345
345
345
344
343
343
343
342
352
353
353
353
354
354
355
355
357
357
358
358
357
359
360
360
359
361
362
362
361
363
362
362
364
364
365
365
365
366
366
367
238
238
237
350
350
243
244
244
239
239
351
240
242
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NEATPAGEINFO:id=C7BFC157-1C90-4E85-B33A-DE6E5B2BDD12


ELEM
690
691
692
693

272
295
239
245

NO DE2
269
312
244
233

NODES
308
294
248
238

NO DE4
269
312
248
233
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NEATPAGEINFO:id=69590E27-D46E-4EA4-99F7-F715DD6E7151


Two Di nensi onal Model Qut put

Tine Step = 0. 003 seconds
Convergence Criteria = 0.001

MODEL UNI FI ED
UO. cmsec Ul .cnfsec Theta d. um D. cm Eff- MODEL EFF

250 125 0 5 1.00 1.17 1.0420
250 125 0 40 1,00 1.71 1.7372
500 125 0 5 1.00 1.55 1.2268
500 125 0 40 1.00 3.40 3.5187

1000 125 0 5 1.00 2.39 1.9534
1000 125 0 40 1.00 7.04 7.3689
250 250 0 5 1.00 0.99 1. 0000
250 250 0 40 1.00 1.00 1. 0000
500 250 0 5 1.00 1.20 1. 0806
500 250 0 40 1.00 1.81 1.8487
1000 250 0 5 1.00 1.69 1.4217
1000 250 0 40 1.00 3.58 3.7384
250 500 0 5 1.00 O.89 0. 9710
250 500 0 40 1.00 O0.64 0. 6013
500 500 0 5 1.00 0.99 1. 0000
500 500 0 40 1.00 1.00 1. 0000
1000 500 0 5 1.00 1.26 1.1492
1000 500 0 40 1.00 1.87 1.9182
250 1000 0 5 1.00 O.82 0.9412
250 1000 0 40 1.00 0.46 0. 3665
500 1000 0 5 1.00- O.86 0. 9453
500 1000 0 40 1.00 0.60 0. 5564
1000 1000 0 5 1.00 0.99 1. 0000
1000 1000 0 40 1.00 1.00 1. 0000
250 125 0 5 0.32 1.25 1. 1205
250 125 0 40 0.32 1.83 1.8976
500 125 0 5 0.32 1.83 1.6106
500 125 0 40 0.32 3.72 3.8271
1000 125 0 5 0.32 3.41 3. 3106
1000 125 0 40 0.32 7.64 7.7848
250 250 0 5 0.32 0.98 1. 0000
250 250 0 40 0.32 0.98 1. 0000
500 250 0 5 0.32 1.25 1.2150
500 250 0 40 0.32 1.87 1. 9460
1000 250 0 5 0.32 2.05 2.0147

a 1000 250 0 40 0.32 3.82 3.9110
250 500 0 5 0.32 0.85 0.9194
250 500 0 40 0.32 0.58 0. 5376
500 500 0 5 0.32 0.98 1. 0000
500 500 0 40 0.32 1.00 1. 0000

1000 500 0 5 0.32 1.37 1. 3540
1000 500 0 40 0.32 1.92 1.9723
250 1000 0 5 0.32 0.76 0. 8426
250 1000 0 40 0.32 0.36 0.2917
500 1000 0 5 0.32 0.81 0.8612
500 1000 0 40 0.32 0.54 0. 5195
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Two Di nmensi onal Mode. 1 Qut put

Tine Step = 0.003 seconds
Convergence Criteria = 0.001

MODEL UNI FI ED
UO cm sec Ui,cnmsec Theta d. urn D, cm Eff. MODEL EFF

1000 1000 0 5 0. 32 0. 98 1. 0000
1000 1000 0 40 0. 32 0, 99 1. 0000
250 125 30 5 0. 32 0. 87 1. 0405
250 125 30 40 0, 32 1.28 1. 6996
0 30 0 0. 32 ERR
500 125 30 40 0. 32 2,63 3. 4431
0 30 0 0. 32 ERR
1000 125 30 40 0. 32 5. 58 6. 9082
250 250 30 5 0. 32 0O, 89 0. 9918
250 250 30 40 0. 32 0,72 0.8711
500 250 30 5 0. 32 0, 67 1. 0796
500 250 30 40 0. 32 1, 32 1.7273
0 30 0 0. 32 ERR
1000 250 30 40 0. 32 2.79 3. 4572
250 500 30 5 0. 32 0. 85 0. 9595
250 500 30 40 0. 32 0. 43 0. 4494
500 500 30 5 0. 32 0.76 0. 9842
500 500 30 40 0. 32 0. 74 0. 8664
0 30 0 0. 32 ERR
1000 500 30 40 0, 32 1,55 1. 7308
250 1000 30 5 0.32- 0,81 0. 9299
250 1000 30 40 0. 32 0. 30 0. 2305
500 1000 30 5 0. 32 o, 77 0. 9241
500 1000 30 40 0, 32 0, 45 0. 4320
1000 1000 30 5 0. 32 0, 70 0. 9704
1000 1000 30 40 0. 32 0, 81 0. 8660
250 125 30 5 0, 79 1. 0130
250 125 30 40 0, 75 1. 5025
500 125 30 5 0, 89 1. 0825
500 125 30 40 0, 90 3, 1660
1000 125 30 0 1, 3858
1000 125 30 40 4. 09 6, 7622
250 250 30 5 0. 95 0. 9973
250 250 30 40 0. 63 0. 9063
500 250 30 5 0. 97 1. 0260
500 250 30 40 1. 05 1.6474
1000 250 30 0 0. 53 1.1649
1000 250 30 40 2.16 3. 3993
250 500 30 5 0, 90 0. 9863
250 500 30 40 0. 48 0. 5927
500 500 30 5 0. 89 0. 9947
500 500 30 40 0. 66 0. 8803
1000 500 30 0 0. 85 1. 0516
1000 500 30 40 1.17 1. 7150
250 1000 30 5 0. 87 0. 9748
250 1000 30 40 0. 41 0, 4184
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Two Di nensi onal Mbdel Qut put

Tine Step = 0.003 seconds
Convergence Criteria = 0.001

UO. cnisec U . cnlsec Theta d.

500 1000 30
500 1000 30
1000 1000 30
1000 1000 30
Uo = wind vel oci ty
U = inlet velocity

a = sanpling angle
particle di ameter
inlet dianeter

t het
d =
0_

um D,

40

40

HH._\._\E

MODEL UNI FI ED
Eff.

o

ooo

87
45

. 86
. 69

OO0OO0O0

MODEL EFF
. 9733
. 4862
. 9896
. 8685
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87

Two Di nensional Particle Tracking Program

TH S PROGRAM COMBI NES THE 2 DI MENSI ONAL BI EM SCLUTI ON PROGRAM
WRI TTEN BY LI GGET AND LI U (1983) W TH THE ANALYTI CAL SOLUTI ON
TO THE PARTI CLE EQUATI ONS OF MOTI ON PROPCSED BY ALENI US
(1989) TO PLOT PARTI CLE TRAJECTORI ES | NTO AN | NLET.

o 0000

| MPLI CI T REAL*=8( A- H. 0- 2)
DI MENSI ON RLN(1 OO, | ©O0), RN( 100 100) . F(100) . I D( | CO)
$TI TLE( 20), CRI TX(2), CRI TY(2)
COMMON H( | 00, 1 00) . RHS(1 00), N, X( 100) . Y( 100) . XXNOW
$YYNOW P(100) , PN( 100) , PNL( 5), PN2(5), | CT( 100),
$DPDY( 600) . DPDX( 600) . A. L. N1, N2, U0, DI N, DP. THETA, Ul . XCRI T
$, YCRI T, DT, XXNEW YYNEW XNOWL. YNOWL
READ (7.7) TITLE
7 FORMAT (20A4)
PRI NT 7777, TI TLE
7777 FORVAT (//1X, 20A4)
READ (7.*) KEY
READ (7,=*:) N
NMP=N
NL =1
| F (KEY .EQ 1) PRINT 6933, N
6933 FORMATC NUMBER OF NODES =MB/)
| F (KEY .EQ 1) PRI NT 6938
6938 FORMATC. . ... KEY TO | NPUT DATA AND | D NUMBERS. . . ..
1'/* X.Y ARE THE NODAL COORDI NATES '/' P.PN ARE THE
2POTENTI AL AND THE NORMAL DERI VATI VE AT THE NODE')
|F (KEY .EQ 1) PRINT 6939
6939 FORMAT (' | D |DENTIFI ER FOR THE NODAL UNKNOWNS' /,

1 =2 FOR P G VEN /.
2 =3 FOR PN G VEN /)
IF (KEY EQ 1) PRINT 6941
6941 FORNAT( I CT: NODAL CORNER TYPE | DENTI FI ER /.

1 =1 FOR PN d VEN APPROACHI NG NODE /.
2 =2 FOR PN G VEN LEAVI NG NCDE' /.
3 ... ALL MOVEMENTS I N CLOCW SE SENSE. . . . .. 1)

C

C NODAL DATA I/ 0O

C

6932 L=N+1
| F (KEY. EQ 1) PRI NT 9953

9953 FORMATC POINT' . 7X.' X- COOD , 6X, ' Y- COOD , 5X,

1' POTENTI AL', 3X. " NORM DERV' , 3X, ' 1D , 8%, " I CT")

DO 6946 1=2, L
READ (7,*) X(1),Y(1).P(1).PN(I1).1D(1).1CT(l)
| ML=I - 1

6946 | F (KEY. EQ 1) PRINT 9950, I ML, X(1).Y(1),P(1), PN(1),
$ID(1).1CT(I
9950 FgQI\/IAT(I 55X F10.4, 2X, F10. 4, 2X. F10. 4. 2X, F10. 4, 2X.15,

15X, | 5)
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C CLEARI NG THE GLOBAL MATRI X
C
DO 17 1=1. N
DO 16 J=1 ,L
16 H(1,J)=0.0
17 F(1)=0.0
e
C BOUNDARY | NTEGRATI ON
C
X( 1) =X( L)
X(L+1) =X( 2)
Y(1) =Y(L)
Y(L+1) =Y( 2)
DO 200 1=2, L
111 = 1
112=1
PNJP=0. 0O
PJP=0. O
DO 140 J=2.L
| F(1. EQ J) GOTO 130
| F(1. EQ J+1) GOTO 135
| F(J. NE. L) GOTO 98
I F(1.EQ 2) GO TO 135
98 R1=DSQRT(( X(J+1)-X(J))**2+(Y(JI+1)-Y(J))**2)
C0=( X(J+1) - X(J) )/ RL
=(Y(J+1) - Y(J))/RL
XI A=(Y(J) - Y(1))*SI +(X(J
XI B=( Y(J+1) - Y(1))*SI +(
ETA=DABS( ( Y(1)-Y(J)) * C0-
100 | F(ETA LT.1.E-5) GO TO 1
BTN=DATAN( XI B/ ETA)
ATN=DATAN( XI A/ ETA)
105 ASQ=XI A** 2+ETA** 2
ALN=DLO6( ASQ)
BSQ=XI B**2+ETA** 2
106 BLN=DLOG BSQ)
107 ONE=BSQ* ( BLN-1.)- ASQ: (ALN-1.)
TWO=XI B* BLN- XI A* ALN- 2. * ( XI B-'XI A) +2. * ETA* ( BTN- AT
SEGNRN=- (X(J) - X(1))*(Y(JI+1)-Y(J))+( X(J+1) - X(J)) *(Y(J)-
$Y(1))
PJ=('XI B* (BTN- ATN) -, 5* ETA* (BLN- ALN) ) / ( XI B- XI A)
PJ=DSI G\( PJ, SI GNRN)
XBXA=DABS( XI B- XI A)
PNJ=TWO* XI B/ (2. * XBXA) - ONE/ ( 4. * XBXA)
| F(1 CT(J). NE, 1) GOTO 321
PNL(I11)=PN(J)
F(1-1) =F(1 - 1) +PNIP* PN( J)
111=111+1
PNJP=0. O
321 I F(ICT(J).NE. 2) GOTO 432
F(I-1)=F(I-1) +PNJ* PN( J)
PN2( 11 2) =PN( J)
112=112+1
PNJ=0.0

) - X(1))
X(J+1) -
((|)

(|))*
X(J))*sl)
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432

102

130

135

140

544

RN(I . J) =PJ+PJP

RLN( | . J) =PNJ+PNJP

PJP= (ETA*gBLN-ALN)*O 5- XI A*( BTN- ATN) ) / ( XI B- XI A)
PJP=DSI G\( PJP, SI GN

PNJP=0NE/ ( 4. * XBXA) - TW* XI A/ ( 2. * XBXA)

GO TO 140

BTN=0. O

ATN=0. O

GO TO 105

ALN=0. O

BTN=0. O

ATN=0. O

XI B=DSQRT( (X(1+1)- X(1)) **2+(Y(1 +1)- Y(1)) **2)
Xl A=0

ETA=0. O

ASQ=0. 0

BSQ=XI B* * 2

GO TO 106

Xl A= DSQRT((X(1) - X(J)) **2+(Y(1) - ¥(J)) **2)

ATN=0.
Xl B=0.
BLN=O.
BSQ=0. 0

ASQ=XI A* * 2

ALN=DLOG( ASQ)
ETA=0. 0

GOorTO 107

CONTI NUE

RN(1, 2) =RN( I . 2) +PJP

| F(1 CT(2)-NE. 1) GOTO 544
F(1-1)=F(I-1)+PNJP* PN1( 1)
PNJP=0. O

RLN( 1, 2) =RLN( 1, 2) +PNJP

©Oo0o0oo

ALPHAS(((X(1)-X(1-1)) **2+(Y(1)-Y(1-1))**2+

3 X i’ixé' +%)%:(*I2+EY({()I %) ”’;z*fzé(xélc,”) X(
- **x D + * % *

$-X(I-1)))):**2+%Y§I) \){(I (1))*1)2) ( X((I) xuqu(l(( ()

$))**2+(Y(1)-Y(1 + 1))*""2))))

|'F( DABS( ALPHA) . LT. 0. 9999)  GOTO 141

141

142
144

ALPHA=3. 14159265

GOTO 170

AL PHA=DACOS( AL PHA)

| F (DABS(X(1)-X(I-1)).GT. 1. E-5) GOTO 144
1).LT.Y(1-1)) GOTO 142

IFE f|+1) LT. X(I%{ALPHA:G. 28318531- ALPHA

F (X(I +1) GT. X(1)) ALPHA=6. 28318531- ALPHA
GOTO 170

A=(Y(1-1)-Y(1)) T (X(1-1)-X(1))
B=Y(1)-A*X(1)

YA=A*X(1 +1) +B

IF%Y&I; 1T YEI-l;g GOTO 150

IF(X(1) .LT. X(I1-1)) GOTO 146
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oQ o

146
150

152
170
200

13

2000

0Qo

2001

0N o

sNele)

0o

1000

8005

8003

30

7654

| F(YA . LT. Y(I+1))ALPHA=6. 28318531- ALPHA
GOoTO 170

| F(YA . GT. Y(1+1))ALPHA=6.28318531- ALPHA
GOoTO 170

| F(X(1) .GT. X(1-1)) GOTO 152

| F(YA . GT. Y(I+1))ALPHA=6.28318532- ALPHA
GOTO 170

| F(YA . LT. Y(1+1))ALPHA=6.28318531- ALPHA
RN(I.1)=-ALPHA

CONTI NUE

FORMAT(/ /)

ASSEMBLI NG THE GLOBAL EQUATI ONS

DO 1000 1=1, N

DO 2000 J=1, N

|F(1D(J+1) .EQ 2)H(I,J)
| F(1D{J+1) .EQ 3)H(I.J)
CONTI NUE

-RLN( I +1, J+1)
RN( I +1. J+1)

COVPUTI NG R-H S VECTOR

A=0. 0

DO 2001 J=1, N

| F(1 CT(J) .NE. 0)PN(J+1)=0.0

A=A- P(J+1) *RN( I +1, J+1) +PN( J+1) *RLN( | +1. J+1)
H(I1. L) =A+F(1)

CONTI NUE

SOLVI NG GLOBAL EQS FOR NODAL UNKNOWNS
CALL EQSOL
ALLOCATI NG EACH SCLUTI ON TO THE PROPER NODAL UNKNOMWN

JJj1 =1

DO 8003 J=2. L

IF(1D(J) .EQ 2) GOTO 8005
P(J) =RHS(JJ1)

JJ1=JJ1+1

GOTO 8003

PN(J) =RHS(JJ1)

JJ1=JJ1+1

CONTI NUE

OUTPUT BOUNDARY SCLUTI ON

WRI TE (6, 13)

WRI TE (6, 30)

FORMAT ( '..... COVPUTED RESULTS..... ")
do 7654 j=2.1

wite (6,*) j-1.pn(j).p(J)

conti nue
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PERFORM TRAJECTORY CALCULATI ON

I NPUT PARTI CLE AND Al RSTREAM VARI ABLES AND CONV.

DO 4000 K=1, 2
IF (K .EQ 1) THEN
A=1 .
ELSE | F (K -EQ 2) THEN
A=-1.
ELSE
ENDI F
CALL PART
CRI TX( K) =XCRI T
CRI TY(K) =YCRI T

4000 CONTI NUE
EFF =(((CRI TX(1)-CRI TX(2))**2+( CRI TY(1) - CRI TY(2))**2)**. 5

100

o oo (o0

$*(-1)*U0)/ (Ul *DI N)

VWRI TE (3.*) UO Ul .DP.D N THETA. EFF
PRI NT *, EFF
STOP

END

LI NEAR EQUATI ON SCLVER SUBROUTI NE

SUBROUTI NE EQSOL

I MPLI CI T REAL *8(A-H. 0-2)

DI MENSI ON M 100)

COVMON A( 100, 100) , X( 100), N. X1( 100), Y( 100) . XXNOW

$YYNOW P(100) . PN(1 O0) . PN1(5) . PN2(5) .1 CT(1 OO) .
$DPDY( 600) . DPDX( 600) . AL, L. N1. N2. UO, DI N. DP, THETA, Ul
$. XCRI T. YCRI T, DT. XXNEW YYNEW XNOWL. YNOW

DO 5 1=1, N

M 1) =1

AVAX=A( | , 1)

DO 2 J=2. N

| F(DABS(A(1,J)) .LE. DABS(AMAX)) GOTO 2
AMAX=A( | . J)

M 1) =J

CONTI NUE

| FCAMAX . EQ 0) GOTO 98
NN=NH+1

DO 4 J=1, NN

A(l, J)=A(1, J) I AMAX
DO 5 I P=1. N

IF(IP .EQ 1) GOTO 5
MVVEM | )

2MULT=A(| P. M\VM)

DO 6 J=1.NN

|F(J .NE. MW) GOTO 9
A(IP,J)=0.0

GOTO 6

A(1P.J)=A(I P. J) - ZMILT*A(I . J)
CONTI NUE

CONTI NUE
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DO 7 1=1, N
NO=M I )
7 X(NO) =A(1 . NN)
RETURN
98 CONTI NUE
STOP
END

SUBROQUTI NE FOR PARTI TRAJ. CALC. 2D

SUBROUTI NE PART

| MPLI CI T REAL *8( A- H. 0- 2)

DI MENSI ON DPDXOL( 600) , DPDYOL( 600) , MAXI ( 150)

COMMON H( 100, 100) , RHS( 100) . N, X( 100) , Y(100) . XXNOW
$YYNOW P(100), PN( 100) , PN1(5) . PN2( 5), | CT(100),
$DPDY( 600) . DPDX( 600) , A, L. N1, N2. UO. DI N, DP, THETA. Ul
$. XCRI T. YCRI T, DT. XXNEW YYNEW XNOWL, YNOWL

VARI ABLE | DENTI FI CATI ON

I NI Tl AL FREE STREAM VELOCI TY
GRAVI TY

PARTI CLE DI AMETER, CM

Al R VI sCOCsIl TY

DI N = I NLET DI AVMETER

DT = T1I  VE STEP LENGTH

PDENS = PARTI CLE DENSI TY

ADENS = Al R DENSI TY
VR = PARTI CLE RELATI VE VELOC TY

RE = REYNOLDS NUVBER

DPDX, DPDY = Al R VELOCI TY COVPONENTS
VXP. VYP = PARTI CLE VELOCI TY COVPONENTS
XX. YY = PARTI CLE LOCATI ON COORDI NATES
THETA = NQOZZLE ANG_E

°000000000000000C00

READ (8, *) UO. DP, DI N, DT, THETA. Ul . XDl N
READ (8.*) CVC

PRI NT *, UO, DP. DI N, DT, THETA. Ul . XDI N, CVC
6=- 980.

dt 1=dt

AvV=. 000183

PDENS=1. O

ADENS==. 001205

DPL=10000. O* DP

CC=1+( (2. *0. 07/ DPL) *( 1. 257+( 0. 4* EXP(- 0. 55* DPL/ 0. 07))))
TAU=( DP* * 2* PDENS* CC) / ( 18* AV)
THETAl1=-.01745277* THETA

THETA=- 01745277* THETA

6X=G* SI N( THETA)

6Y=G* COS( THETA)

MANY=599

NMANY=50

N2 =0

IF (A .GT. 0.) THEN

92


NEATPAGEINFO:id=57432916-E712-4748-86EF-8AAB7FA2A0E3


000

$

YYNOWEXDI N* DI N* SI N( THETA1L)
XXNOWEXDI N* DI N="COS( THETA)
ELSE

YYNOWE XDI N¢ DI N* S| N( THETAL) +g. 67* X
XXNOWEXDI N* DI N COS( THETA) +{ .

ENDI F

NCAPF=0

|F (A .GT. 0) NFCAP=0
NM SS=0

CONV=9999

N =1

DI
7+ XDl N¥ DI N* SI N( THETA) *A)

PARTI CLE PGSI TI ON AND VELOCI TY COVPONENTS

DO 5000 J=1, NMANY
NCAP=0
Nl =1
N2=N2+1
DO 4300 1=1. MANY
CALL | NSOLN
IF (I .EQ 1) THEN
VXNOWEDPDX( | ) +( TAU* GX)
VYNOAEDPDY( | ) +( TAU* GY)
ENDI F
VR=( ( VXNOW DPDX( 1)) ** 2+( VYNOWN DPDY( 1)) **2) **0. 5
RE=VR* DP* ADENS/ AV
|F (RE .LE. 0,5) THEN
QRE=1

ELSE IF ((RE .GT. 0.5) .AND. (RE .LE. 800.)) THEN

QRE=1+( 0. 15* RE**0. 687)
ELSE
QRE=0. 44* RE/ 24
ENDI F
IF (I .EQ 1) THEN
DPDXOL( | ) =DPDX( I )
DPDYOL( | ) =DPDY( 1)
EL SE
DPDXOL () =DPDX( | - 1)
DPDYOL( | ) =DPDY( I - 1)
ENDI F

i f ((xxnow -I1t. 1.5*dTn) .and. (xxnow .gt. -1.5*dln)

.and. (yynow .Ilt. |.S"din) .and.

(yynow .gt. -1.5*din)) then
dt =dt 1/ 10.
el se
dt =dt 1
endi f
UAX=( DPDX( 1) - DPDXOL( 1))/ DT
UAY=( DPDY( 1) - DPDYOL(1))/ DT
UBX=DPDX( ) - ( (UAX- 6X) *( TAU QRE) )
UBY=DPDY( I ) - ( ( UAY- GY) *( TAU QRE) )

VXNEWE( UAX* DT) +UBX- (( UBX- VXNOW *
EXP( - QRE* DT/ TAU) )

N DI NF COS( THETA) * A)
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VYNEWE( UAY* DT) +UBY- ( ( UBY- VYNOW *

$ EXP( - QRE* DT/ TAU) )
XXNEWEXXNOWH( UAX/ 2% DT**2) + (UBX="DT) -

$ ( ( UBX- VXNOW * ( TAU QRE) *( 1- EXP( QRE* DT/ TAU) ))
YYNEWEYYNOM-( UAY/ 2* DT* * 2) +( UBY* DT) -

$ ( (UBY- VYNOW * ( TAU QRE) * ( 1- EXP( - QRE* DT/ TAU) ))

IF (I .EQ 1) THEN
XNOWL =XXNOW

YNOWL=YYNOW
ENDI F
WRI TE (4.5002) XXNOW YYNOW
5002 FORMAT (2F15. 10)
| F (XXNEW.LT. -1.1*XDI N 2*DIN) THEN
NCAP=2
PRI NT *. ' PARTI CLE EXI T REAR BOUNDARY. M SS
GOTO 4301
ELSE IF ((YYNEW.GT. 1.1*XDIN*DIN) .OR (YYNEW.LT,
$ -1.1*XDI N*DI N) ) THEN
NCAP=2
PRI NT *. ' PARTICLE EXIT TOP/ BOTTOM M SS
GOTO 4301
ELSE | F ((XXNEW.LT. 0.0) .AND. (XXNOWN GT. 0.0)
$ .AND. (ABS(YYNEW .LT. DIN2)) THEN
NCAP=1
PRI NT *, ' CAPTURE AT FACE
GOTO 4301

ELSE | F ((ABS(YYNEW .LT. DIN2) .AND.

$ (ABS(YYNOW .GT. DIN'2) .AND. (XXNEW LT. 0))
$ THEN

NCAP=2

PRI NT *. CONTACT TUBE, M SS

GOTO 4301
ELSE
NCAP=0
ENDI F
N1=N1+1
XAXNOWEXXNEW
YYNOWEYYNEW
VXNOWEVXNEW
VYNOWEVYNEW
4300 CONTI NUE
PRINT *, 'ERROR DID NOT EXIT LOOP
PRI NT *. XNOW.. YNOWL. N1
4301 CONTI NUE

MAXI (J) =N1

IF (NFCAP GT. 0) THEN
GOoTO 50

ELSE | F (NCAP .EQ 1) THEN
NFCAP=1
YCAP=YNOWL
XCAP=XNOWL
YYNOWNEYNOWL+( . 67* XDI N* DI N* COS( THETA) )
XXNOWEXNOWL- ( ( YNOWL- YYNOW * TAN( THETA) )
GOTO 4999
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ELSE IF ((NCAP .EQ 2) .AND. (YYNOW.LE. -DIN 2.)) THEN
YYNOWEYNOWL+( . 1* DI N)
XXNOWEXNOWL+( ( YYNOW YNOWL) * TAN( THETA) )
60TO 4999

ELSE IF ((NCAP .EQ 2) .AND. (YYNOW.GE. DIN 2.)) THEN
YYNOWEYNOWL- (. 1* DI N)

XXNOWEXNOWL - ((( YNOWL- YYNOW * TAN( THETA) )
GOTO 4999

ELSE

END | F
50 IF (NMSS GT. 0) THEN
GOoTO 10
ELSE | F (NCAP .EQ 2) THEN
NM SS=1

YM SS=YNOWL
XM SS=XNOWL
GOTO 10

ELSE | F (NCAP . EQ 1) THEN
YYNOWEYNOWL+( A* . 1* DI N)
XXNOWEXNOWL +( ( YYNOW YNOWL) * TAN( THETA) )

XDI N=XDI N+( . 1* XDl N)
GOTO 4999

ELSE
ENDI F
10 IF (NCAP .EQ 1) THEN
YCAP=YNOWL
XCAP=XNOWL
ELSE | F (NCAP .EQ 2) THEN
YM SS=YNOWL
XM SS=XNOWL
ELSE
ENDI F
CONV=( ( XM SS- XCAP) * * 2+( YM SS- YCAP) **2) ** 5
| F (YCAP .GT. YM SS) THEN
YYNOWE( CONV/ 2* COS( THETA) ) +YM SS
XXNOWE( CONV/ 2* SI N( THETA) ) +XM SS
ELSE |F (YM SS . 6T. YCAP) THEN
YYNOWE( CONV/ 2* COS( THETA) ) +YCAP

XXNOWE( CONV/ 2* SI N( THETA) ) +XCAP
ELSE

ENDI F
IF (CONV .LT. VO THEN
XCRI T=XXNOW
YCRI T=YYNOW
GOTO 5001
ELSE
ENDI F
4999 PRI NT *. N2, NCAP. YNOWL, DPDX( 1) . DPDY( 1)
5000 CONTI NUE
5001 PRI NT *, ' TRAJECTORI ES HAVE CONVERGED
PRI NT *, UQO DP.DI N THETA. XCRI T. YCRI T
RETURN
STOP
END


NEATPAGEINFO:id=EFFB1467-1891-45CB-8FF6-F6FECD173785


o0 o0

4102

4105

96

SUBROUTI NE TO CALC. VELOCI TY AT PARTI CLE LOCATI ON

SUBROUTI NE | NSOLN

I MPLICI T REAL *8( A-H. 0-2)

DI MENSI ON U( 600)

COMMON H( 100, 100) , RHS( 100) , N. X( 100) . Y( 100) , XXNOW
$YYNOW P(100) . PN(100) . PN1(5), PN2(5), | CT( 100),
$DPDY( 600) , DPDX( 600) . A. L. N1, N2. UO, DI N, DP, THETA, Ul .
$XCRI T, YCRI T. DT, XXNEW YYNEW XNOWL. YNOW

PERFORM NG BOUNDARY | NTE6. FOR | NTERNAL SOLUTI ON

DO 4200 | =N1, N1
111 = 1
112 = 1

DO 4140 J=2, L

R2=DSQRT( ( X(J+1) - X(J)) **2+( Y(JI+1) - Y(J)) **2)

Co=( X(J+1) - X(J) )/ R2

SI=(Y(J+1)-Y(J))/ R2

ETA=DABS( ( YYNOW Y( J) ) * C0- ( XXNOW X(J) ) *SI )

X1 A=( Y(J) - YYNOW * SI +( X( J) - XXNOW * CO

XI B=( Y(J+1) - YYNOW * SI +( X( J+1) - XXNOW * CO

XBXA=XI B- XI A

Sl GNRNE- ( X(J) - XXNOW * ( Y(J+1) - Y(J)) +( X(JI+1) - X(JI)) *(Y(J)
$ - YYNOW

| F(SI 6NRN . LT. 0) ETA=- ETA

| F(DABS(ETA) .LT. 1.E-5) GOTO 4102

BTN=DATAN( XI B/ ETA)

ATN=DATAN( XI A/ ETA)

GOTO 4105

BTN=0. O

ATN=0. O

ASQEXI A* * 2+ETA* * 2

ALN=DLOG( ASQ

BSQ=XI B* * 2+ETA* * 2

BLN=DLOG BSQ

ONE=BSQ* ( BLN- 1. ) - ASQ* (ALN-1.)

TWO=XI B* BLN- XI A* ALN- 2. * ( XI B- XI A) +2, * ETA* ( BTN- ATN)

PJ=( X B* ( BTN- ATN) - 0. 5* ETA* (BLN- ALN) ) / ( XI B- XI A)

PXJ=(- 0. 5*81* ( BLN- ALN+2. ) - 00*5 BTN
$ATN) +SI * ( ETA** 2+XI A* X Bg 1ASQ) ) (XI B- XI A) +ETA* C0/ ASQ

PYJ=(0. 5*CO* ( BLN- ALN+2. ) - SI *( BTN- ATN) - CO* ( ETA* * 2+XI A*
$XI B) / ASQ)/ ( XI B- XI A) +ETA* SI / ASQ

PNJ=TWD* XI B/ (2. * XBXA) - ONE/ (4. * XBXA)


NEATPAGEINFO:id=062792BC-346A-4BE5-9646-41285537CF94


PNXJ=- CO+( ( ETA* CO- XI B* Sl ) * ( BTN- ATN) +0- 5* ( XI B* CO+ETA
$* Sl ) * (BLN- ALN) ) / XBXA

PNYJ=- SI +( ( ETA* S| +XI B* CO) * ( BTN- ATN) +0. 5* ( XI B* S -
$ETA* CO) * ( BLN- ALN) ) / XBXA

| F(1CT(J) .NE. 1) GOTO 4321

U(1)=U(1)-PNIP*PNL(I11)

DPDX( 1 ) =DPDX( | ) +PNXJP* PN1( 11 1)

DPDY( | ) =DPDY( | ) +PNYJP* PNL( I | 1)

111=111+1

PNJP=0. O

PNXJP=0. O

PNYJP=0. 0

4321 | F(1CT(J) .NE. 2) GOTO 4322
U(T) =U(1) - PNI* PN2( 1 1 2)
DPDX( | ) =DPDX( | ) +PNXJ* PN2( I | 2)
DPDY( | ) =DPDY( | ) +PNYJ* PN2( | | 2)
1.12 = 112+1
PNJ=0. O
PNXJ=0. 0O
PNYJ=0. O
43 2 2 U(1)=U(1)+(PI+PIP) *P(J) - (PNJ+PNIP) * PN( J)
DPDX( | ) =DPDX( | ) +( PXJ+PXJP) * P(J) +( PNXJ+PNXJP) * PN( J)
DPDY( | ) =DPDY( | ) +( PYJ+PYJP) * P( J) +( PNYJ+PNYJP) * PN( J)
PJP=( ETA* (BLN- ALN) *0. 5- XI A* ( BTN- ATN) ) / ( XI B- XI A)
PXJP=( 0. 5* S| * (BLN- ALN- 2. ) +CO* ( BTN- ATN) +SI * ( ETA* * 2+
$XI A*XI B) / BSQ) / ( XI B- XI A) - ETA* COf BSQ
PYJP=(- 0. 5* CO* ( BLN- ALN- 2. ) +SI * ( BTNF ATN) - CO* ( ETA* * 2+
$XI A*XI B) / BSQ) / ( XI B- XI A) - ETA* SI / BSQ
PNJP=0NE/ ( 4. * XBXA) - TW* XI A/ ( 2. * XBXA)
PNXJP=CO#( ( - ETA* CO+XI A* SI ) * ( BTN- ATN) - 0. 5* ( XI A* CO+ETA="
$SI) * ( BLN- ALN) ) / XBXA
PNYJP=SI +( - ( ETA* S| +XI A* CO) * ( BTN- ATN) - 0. 5* ( XI A* S| - ETA*
$ CO) *( BLN- ALN) ) / XBXA
4140 CONTI NUE
U(1) =U(1) +PIP* P( 2)
DPDX( | ) =DPDX( | ) +PXJP* P( 2)
DPDY( | ) =DPDY( 1 ) +PYJP* P( 2)
IF(1CT(2) .NE. 1) GOTO 4195
U(1) =U(1) - PNIP* PNL( 1)
DPOX( | ) =DPDX( | ) +PNXJP* PNL( 1)
DPDY( | ) =DPDY( | ) +PNYJP* PN1( 1)
PNJP=0. O
. PNXJP=0.0
PNYJP=0. 0
4195 CONTI NUE
U(1)=U(1)-(PNIP*PN(2))
DPDX( | ) =DPDX( | ) +PNXJP* PN( 2)
DPDY( | ) =DPDY( | ) +PNYJP* PN( 2)
U(1)=U(1)/6.283185308
DPDX( | ) =DPDX( 1)/ 6. 283185308
DPDY( | ) =DPDY( 1) 76. 283185308
4200 CONTI NUE
RETURN

END
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Thr ee Di nensi onal Mbdel Prograns:

PROGRAM 4PTQQ. F

C
C TH S I S A PROGRAM TO CALCULATE THE THREE DI MENSI ONAL
C VELOCI TY FI ELD | NTO LOCAL EXHAUST OPENI NGS USI NG THE
C Bl EM VETHOD. WRI TTEN BY M KE FLYNN | N CONJUNCI ON
C WTH CASEY M LLER I N MARCH 1988
C
C
| MPLI CI T REALMS( A- H, O- Z)
DI MENSI ON PHI (367) , DPHI (367), ALPHA( 367) ,
110(367) , PREV( 3) . AE(691) . VX( 100), VY( 100) . VZ( 100) , R(367) .
2H(367.367). U(367).X(367).Y(367).2(367).NE(691. 4), | CT(367).
3XX(100), YY(100), ZZ( 100) , ALTDPHI ( 691. 3)
COMMON H. U. MP, X, Y, Z, NE. XX, YY. ZZ. 1, J. K. L, A B. AE
C OPEN (5, FI LE=' | NPUT. DAT' )
c OPEN (3. FI LE=' | NDAT2' )
C OPEN (6, FI LE=' PRN )

READ (5, *) N

READ (5.*) M

LL=N+1

NMP=N

DO 1001 1=1.N

READ (5,*) X(1). Y(1). z(1), PHI (1), DPHI (1), ID(1), 1CT(l)
1001 CONTI NUE

READ (5, *) ((NE(I,11).11=1.4),1=1. M

PRI NT *. NE(691,1). NE(691.2). NE(691.3), NE(691,4)
C CLOSE (3)
C
C
C THE | LOOP GENERATES VALUES FOR THE COEFFI Cl ENT MATRI X
C H AND THE KNOWN COLUWMN VECTOR R. DI FFERENT VALUES FOR |
C CORRESPOND TO THE BASE PO NT BEI NG PCSI TI ONED AT A
C DI FFERENT NODE. VALUES FOR THE UNKNOAN COLUMN VECTOR
C U ARE ALLOCATED DEPENDI NG ON THE | D CODE AT THE START
C OF THE LOOP
C
C

DO 10 1=1, N

R(1)=0.0

DO 20 J=1, N

H(1.J)=0.0

20 CONTI NUE
10 CONTI NUE
DO 100 1=1, N
IF(I1D(1)-EQ 1) THEN
U(1) =DPHI (1)
ELSE
U(1) =PHI (1)
ENDI F
ALPHA( 1) =0. 0
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THE J LOOP CONTAI NS THE SUMVATI ONS OVER EACH ELENENT
I Nl TIALLY THE AREA OF THE JTH ELEMENT | S CALCULATED
THI S 1S AE(J).

ooonO-°

DO 200 J=1. M

DY21=Y( NE(J. 2) ) - Y( NE(J.
DY31=Y( NE(J, 3) ) - Y( NE(J,
Dz21=2( NE(J, 2) ) - Z( NE( J,
Dz31=Z( NE(J, 3)) - Z( NE( J.
DX21=X( NE( J, 2) ) - X( NE( J,
DX31=X( NE( J, 3)) - X( NE(J.
AE1=DY21* DZ31- DZ21* DY31
AE2=D221* DX31- DX21* DZ31
AE3=DX21* DY31- DY21* DX31
AE(J) =0. 5* ( DSQRT( AEL* * 2+AE2* * 2+AE3* * 2) )
ASUME=0. O

RPRPRRRP

THE K LOOP CALLS THE PROGRAMS THAT PERFORM THE BOUNDARY
| NTEGRATI ONS FOR A SI NGLE TRI ANGULAR ELEMENT, SPI NT

IS USED | F THE BASE PO NT CO NCI DES W TH THE ELEMENT
NCDE THAT | S BEI NG CONSI DERED. GQUAD | S THE STANDARD
GAUSSI AN QUADRATURE. BOTH PROGRAMS RETURN A AND B.

OCo00O00O0° 0

DO 300 K=1. 3

| F(1. EQ NE(J, K)) THEN

CALL SPI NT

ELSE

CALL GQUAD

ENDI F

| F(1 D(NE(J. K)).EQ 1. AND. | CT(NE(J, K)).EQ O THEN
H(I, NE(J, K))=H(1, NE(J, K)) - B
R(1)=R(1)-A*PH (NE ( J,K))

ELSEI F(I CT(NE(J. K)). EQ 1. AND. | D{ NE(J. K) ). EQ 1. AND.

$ ID(NE(J. 4)).EQ 2) THEN
H(I, NE(J. K)) =H(1 . NE(J, K))
R(1)=R(1)+B*DPH (NE(J, 4)) - A*PHI ( NE(J, K) )
ALTDPHI (J, K) =DPHI ( NE(J. 4))

ELSEI F(1 CT(NE(J, K)) . EQ 1. AND. I D{NE(J, K)) . EQ 1. AND.

$ID(NE(J. 4)).EQ 1) THEN
H(I, NE(J, K))=H(1, NE(J, K)) - B
R(1)=R(1)-A*PH (NE(J.K))

ELSE
H(1, NE(J, K)) =H(1 . NE(J, K)) +A
R(1)=R(1)+B*DPH (NE(J. K) )

ENDI F

ASUMEASUM-A

C
C
300 CONTI NUE
ALPHA( 1) =- ASUMFALPHA( | )
200 CONTI NUE
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| F(1D(1)-EQ 1) THEN
R(1)=R(1)-ALPHA(I)*PHI (1)
ELSE
H(I, 1) =H(I, 1) +ALPHA( 1)
ENDI F

100 CONTI NUE
DO 111 1=1, N
H(I, LL) =R(1)

111 CONTI NUE
CALL EQSOL

AFTER RETURNI NG FROM EQSOL U(1) HAS BEEN WRI TTEN
OVER W TH THE SOLUTI ONS, THESE ARE THEN ALLOCATED TO
PHI (1) OR DPHI (1) AS FOLLOWS:

0O0000°0

OPEN ( 4, FI LE=' BOUND. OUT" )
DO 1000 1=1, N
IF(ID(1).EQ 1) THEN
DPHI (1) =U(1)
ELSE
PHI (1)=U(1)
ENDI F
WRI TE (6.678) X(1).Y(1),Z(1),PH (1), DPH (1),1D(1).1CT(I)
678 FORMAT (F15.5. ' . ' F15.5. ' . '.F15.5. ', " .F15.5 ' . ' .Fi5.5. ' |
$15, ',',15)
1000 CONTI NUE
CLOSE ( 4)

READ I'N THE | NTERNAL PO NTS FOR VELOCI TY CALCULATI ONS

0000

READ (5.*) NN

DO 222 1=1. NN

READ (5,*) XX(1), YY(1). zz(1)
222 CONTI NUE

DECLARE AND | NI Tl ALI ZE

0ono

DO 1100 1=1, NN

PVX=0. O

PVY=0. O

PVvZ=0. 0

DO 2000 J=1, M

PREVX=0. O

PREVY=0. O

PREVZ=0. O

DO 3000 K=1, 3

DO 4000 L=1, 3

CALL | NTERG6Q

| F(I CT(NE(J.'K)) . EQ 1. AND. I D(NE(J. K) ). EQ 1

$. AND. | D(NE(J. 4)).EQ 2) THEN

DPHI DE=ALTDPHI ( J, K)

ELSE
DPHI DE=DPHI ( NE(J, K))

ENDI F
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O 0

4000

3000

2000

1100

444

PREV( L) =( A*PHI ( NE(J. K) ) - B* DPHI DE)

CONTI NUE
PREVX=PREVX+PREV( 1)
PREVY=PREVY+PREV( 2)
PREVZ=PREVZ+PREV( 3)
CONTI NUE
PVX=PVX+PREVX
PVY=PVY+PREVY
PVZ=PVZ+PREVZ

CONTI NUE

CCEF1=-0. 079577471
VX( 1) =COEF1* PVX
VY( 1) =COEF1* PVY
VZ( 1) =COEF1* PVZ
CONTI NUE

OUTPUT | NTERNAL DATA TO FI LE
velocities:'

print *, 'internal

OPEN (4, FI LE="I NT. QUT")

DO 444 1=1. NN

WRITE (6, *) VX(1), VY(1),VzZ(l)

CONTI NUE
CLOSE (4)
CONTI NUE
STOP

END

SUBROUTI NE 6 QUAD

| MPLI CI T REAL*8( A- H, 0- 2)
DI MENSI ON W 13) . CHI ( 13) . ETA(13), F(13),

1H(367. 367), U(367) . X(367), Y(367), Z(367).

2NE( 691. 4) , XX(100) . YY( 100) . ZZ( 100) , AE( 691)
COMMON H, U, MP, X. Y, Z, NE, XX. YY, zZ,1,J. K. L. A, B. AE

A=0. DOO
B=0. DOO

W 1) =- 0. 562600000000000
W 2) =. 520833333333333

W3) =W(2)
W 4) =W(2)

CH (1) = .333333333333333
CHI (2) =- 600000000000000
CH (3) = .200000000000000

CHI (4) =CHI ( 3)
ETA( 1) =CHI (1)
ETA( 2) =CHI ( 3)
ETA( 3) =CHI ( 2)
ETA( 4) =CHI ( 3)
DO 4400 11=1,4
| F(K. EQ 1) THEN
F(11)=CHI(I1)

ELSEI F (K-EQ 2) THEN

101
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F(I11)=ETA(II)

ELSE

F(11)=1. D00-ETA(I1)-CHI (I1)

ENDI F

Al- ( X(NE(J. 1))*CHI(I|)+X(NE(J 2)) *ETA(1 1) +X(NE(J, 3))
$*(1.DOO- CHI (11)-ETA(IT))-X(1))

BL=( Y(NE(J. 1)) *CH (11)+Y(NE(J, 2)) *ETA(I 1) +Y(NE(J. 3))
$* (1. DDO- CHI (11)-ETA(11))-Y(1))

Cl=(Z(NEe(J, 1)) *CHI (1 1) +Z(NE(J. 2) ) *ETA(I'1') +Z( NE(J. 3
$*(1F I(N)-ET(I?))-(Z(I()) )) (1) +2(NE( ))
R=DSQRT( Al**2+B1** 2+C1** 2)

FF=F(I11)*(1. DOO R *W 1)

B=B+FF

|F(1.EQ NE(J, 1). OR-1. EQ NE(J, 2). OR | . EQ NE(J, 3)) THEN

EL SE

CONTI NUE
ENDI F
AY1=Y(NE(J. 1))-B1-Y(I)
AY2=Y(NE(J. 2)) - B1- Y(I)
AZ1=Z(NE(J, 1)) - C1-Z(1)
AZ2=Z(NE(J, 2))-C1-Z(1)
AX1=X(NE(J, 1)) - Al- X(1)
AX2=X(NE(J, 2)) - AL- X(1)
A2=AY1* AZ2- AZ1* AY2
B2=AZ1* AX2- AX1* AZ2
C2=AX1* AY2- AY1l* AX2
Gl=Al1* A2+B1* B2+C1* C2
G2=DSQRT( A2* * 2+B2* * 2+C2* * 2)
G=F(11) *W 11) *(- 61/ (R**3*G2))

A=A+G

CONTI NUE

A=AE(J) * A

B=AE(J) *B

RETURN

END

NOTE THE SI GN FOR G | S CORRECT HERE ONLY | F

THE ELEMENTS HAVE BEEN NUMBERED COUNTERCLOCKW SE

VHEN LOOKI NG OUT OF THE DOVAI N THI S CONVENTI ON

MUST BE OBSERVED WHEN CREATI NG E(J, K)

THE SUBROUTI NE SPI NT | S DESI GNED TO HANDLE THE SPECI AL
| NTEGRATI ONS THAT OCCUR WHEN AN ELEMENT NCDE CO NCI DES
W TH THE BASE PO NT

SUBROUTI NE SPI NT

I MPLICI T REAL*8( A-H. 0- 2)

DI MENSI ON V\(13),ETA( 13). CHI (13), P( 13),

1H( 367. 367) . UE367; (367). Y(367).2(367).
2NE( 691. 4), XX( 100 100 Z( 100 AE 691)
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COMWON H U MP. X Y. Z. NE. XX YY, 22. 1. J. K L. A B. AE
. DOO

A=0.

B=0O. DOO

BP=0O. DOO

W 1) =-0.562600000000000

W 2) =.520833333333333

W3) =W(2)

W 4) =W(2)

CHI (1) =. 333333333333333

CH (2) = ,600000000000000

CH (3) = .200000000000000

CHI (4) =CHI ( 3)

ETA( 1) =CHI ( 1)

ETA( 2) =CHI ( 3)

ETA( 3) =CHI (2)

ETA( 4) =CHI ( 3)

DO 500 11=1, 4

| F (K-EQ 1) THEN
F(L1)=CH (11)

ELSElI F (K EQ 2) THEN
F(11)=ETA(I1)

ELSE
F (I1) = 1, D00 ETA(11)-CH (11)

ETEk;(NE(J.l))*CHl( X QF#;)Z))*ETA(I|)+X(NE(J,3))

|
$* (1. DOO- CHI (11) - ETA( )(
Bl=( Y(NE(J. 1)) *CHI (11)+Y(NE(J, 2)) *ETA(I I ) +Y(NE(J, 3))
$*(1.D00-CHI (11)-ETA(I1))- Y(I )a
Cl=(2(NE(J, 1))*CH (1 1)+2(NE(J, 2)) *ETA(n) +2( NE( J, 3))
$*(1- CHI (11) - ETA(11)) - 2(
R=OSQRT( A 1**2+B1** 2+CL**2
BPRMBL=W(I 1) *(F(I1)-1. D00
BP=BP+BPRM3 1
500 CONTI NUE

f —

P1P2=DSQRT( ( X(NE(J. 1)) - X(NE(J, 2))) ** 2+

$(Y(NE(J 1))- YCNE(J. 2) ) ) **2+( Z( NE(J. 1)) - Z(NE(J, 2))) **2)
P1P3=DSQRT( ( X( NE(J. 1) ) - X(NE( J, 3) ) ) ** 2+

$(Y(NE(J, 1)) - YINE(J, 3) ) **2+( Z(NE(J, 1)) - Z(NE(J, 3))) **2)
P2P3=DSQRT( (X(NE( 3, 2) ) - X(NE J.ﬁ%))**2+

$(Y(NE(J.2))- YINELJ. 3))) ** 2+{ Z(NE(J. 2)) - Z( NE(J, 3) ) ) **2)

IF (K. EQ1) THE
BS=DABS( P1P3)
ELSEI F (K. EQ 2) THEN
BS=DABS( P1P2)

ELSE
BS=DABS( P2P3)

ENDI F

XXX1=0- D00

YYY2=0. DOO

XXX2=BS

| F(K, EQ 1) THEN
BSS=DABS( P1P2)

ELSEI F(K. EQ 2) THEN
BSS=DABS( P2P3)

Z
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ELSE

BSS=DABS( P1P3)
ENDI F
| F(K. EQ |) THEN
BSSS=DABS( P2P3)
ELSEl F(K. EQ 2) THEN
BSSS=DABS( P1P3)
ELSE
BSSS=DABS( P1P2)
ENDI F
THETAL=DACOS( ( BS* ="2+BSS* * 2- BSSS* * 2) / ( 2. D00* BS* BSS) )
YYY3=BSS* DSI N{ THETAL1)
XXX3=BSS* DCOS( THETA1)
QSQB=DABS( XXX3- XXX2)
F( QSQS. LT. 0. 0001) THEN
PREBS=BSS
BSS=BS
BS=PREBS
XXX2=BS
YYY3=BSS* DSI N( THETA1)

XXX3=BSS* DCOS( THETA1)
EL SE

CONTI NUE
ENDI F
EME( YYY3- YYY2) / ( XXX3- XXX2)
BB=- EMF BS
ALP1=( 1. D00/ ( DSQRT( 1. DOO+EM *2)))
ALP2=( - EM ( DSQRT( 1. DOO+EM *2)))
TNALF2=ALP2/ ( 1. DOO+ALP1)
TNTHT1=DSI N( THETAL) / ( 1. DO0+DCOS( THETAL) )
B3NUMR=( TNTHT1+TNALF2) / ( 1. DOO- TNTHT1* TNALF2)
BSTR3=( ( BB/ ( DSQRT( 1. DOO+EM *2) ) ) * DLOG( DABS( B3NUMR/ TNALF2) ))
B=( AE( J) * BP) +( BSTR3)
RETURN
END

SUBROUTI NE | NTER6Q

| MPLI O T REAL*8( A- H, 0- 2)

DI MENSI ON W 13) . ETA(13), CHI (13), F(13),

1H (367.367).U(367).X(367).Y(367).2(367),
2NE( 691. 4) , XX(100)’, YY(100), ZZ( 100) , AE( 691)
COMVON H U, MP. X, Y. Z. NE. XX. YY. 2Z,1.J, K, L, A B, AE
A=0.0

B=0. O

W 1) =- 0. 562600000000000

W 2) =. 520833333333333

W 3) =W 2)

W 4) =W 2)

CHI (1) =.333333333333333

CH (2) = .600000000000000

CH (3) = .20 0000000000000

CHI (4) =CHI ( 3)
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400

$*(1- CHI (11)- ETA(II))—XX(I))(
|

$*(1-CH (11) - ETA(1 | (J

$*(1-CHI (11)-ETA(I

ETA(1) =CHI (1)

ETA(2) =CHI ( 3)

ETA(3) =CHI ( 2)

ETA(4) =CHI ( 3)

DO 400 11=1, 4

| F(K. EQ 1) THEN
F(11)=CHI (I1)

ELSEI F (K. EQ 2) THEN
F(11)=ETACI)

EL SE
F(11)=1.-ETA(I1)-CH (I1)

AL=(X(NE(J, 1)) *CH (11) +X( NE
)

BI=('Y(NE(J. 1)) *CHI (11) +Y(NE
((( 1) )()Y¢(()

CL = (Z(NE(J. 1)) "CHi (

I

+
1))-22(1)

R=DSQRT( Al**2+B1**2+C1** 2)
| F(L. EQ 1) THEN

RNUM=AL
ELSElI F(L. EQ 2) THEN

RNUM=B1
ELSE

RNUM=C1
ENDI F
FF=F(11)*( RNUM R**3) *W 11)
B=B+FF
AY1=Y(NE(J, 1)) - B1- YY(1)
AY2=Y(NE(J. 2)) - B1-YY(I)
AZ1=Z(NE(J, 1)) - Cl-Z7Z(1)
AZ2=7(NE(J. 2))-Cl1-7Z(1)
AX1=X( NE(J, 1)) - Al- XX(1)
AX2=X(NE(J. 2)) - Al- XX(1)
A2=AY1* AZ2- AZ1* AY2
B2=AZ1* AX2- AX1* AZ2
C2=AX1* AY2- AY1* AX2
GGL=DSQRT( A2* * 2+B2* * 2+C2* * 2)
| F(L. EQ 1) THEN
CF1=A2
ELSEI F(L. EQ 2) THEN
CF1=B2
ELSE
CF1=C2
ENDI F
T1=1./ ( R**3*GGl)
T3=T1**2
T6=A1* A2+B1* B2+C1* C2
eF ( 11) =*W(11) * ( (-3*RNUMRGG 1 *T6*T3 )
A=A+G
CONTI NUE
A=AE(J) *A .
B=AE(J) *B
RETURN

,2))*ETA(1 1) +X(NE(J, 3))
.2))*ETA(I 1) +Y(NE(J, 3))
D Z(;NE(J.Z))*ETA(I|)+Z(NE(J.3))

FOFLATY))
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END

SUBROUTI NE EQSOL
| MPLI CI T REAL*8 (A-H. O 2)
DI MENSI ON M3 67), H(367.3 67), U(367)
COMVON H. U, MP. X, Y. Z. NE. XX, YY. ZZ.1,J, K L. A B
DO 5 11=1. MP
M) =1
ANVAX=H( 11. 1)
DO 2 JJ=2, MP
| F(DABS(H(11.JJ)). LE. DABS( AMAX)) GOTO 2
100 AMAX=H(I 1, JJ)
M) =3d
2 CONTI NUE
| FCAMAX. EQ O) GOTO 98
3 NN=MP+1
DO 4 JJ=1. NN
4 H(I1,33)=H(11.33)/ AMAX
DO 5 | P=1. MP
IF (IP.EQI1) GOTO 5
MWEM I 1)
ZMULT=H( | P. MVV)
DO 6 JJ=1, NN
| F(JJ. NE. MVM) GOTO 9
8 H(IP.JJ)=0.0
GOoTO 6
H(IP. JJ) =H(1 P. JJ) - ZMULT*H(1 1, JJ)
CONTI NUE
5 CONTI NUE
DO 7 11=1, MP

o ©

NO=MI |)

7 U(NO =H(11.NN)
RETURN

98 PRI NT 'no sol ution'
STORP

END
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Program TRK15. F

CTHS PROGRAM CALCULATES THE EFFICIENCY OF  ASPI RATI ON
COF PARTICLES INTO AN ARBITRARY  SHAPED SAMPLING I NLET
CUSING BIEM TO CALCULATE THE AIR FLON PATTERNS AND THE
C EQUATIONS BY ALENNUS TO PREDICT  PARTICLE LOCATION  AND
CAND VELOCITY AFTER A SMALL TIME STEP  HAS ELAPSED.

CTHE PROGRAM REQURES THE QUTPUT OF THE BIEM _ BOUNDARY
C SOLUTION  (4PTGQF) AS INPUT IN ORDER TO USE THE SHELL

C SUBRQUTINE TO CALCULATE INTERNAL VELOQTIES AT  THE
C PARTI CLE LOCATI ON.

0

C
CTHE SIZES OF THE ARRAYS FOR THE ARRAY VARABLES IS
C DEPENDENT ON THE NUMBER OF NODES AND ELEMENTS USED
CTO FORMULATE THE BCOUNDARY OF THE  DOVAIN
C
IMPLICIT REAL *8(A-H 0-2)
DIMENSI ON  X(367). Y(367). $Z(367). PHI ( 367)
$. DPHI (367).ID(367 I CT 367? NE( 693. 4),A (693)
COWON U0 Ul DI N. DP. THETAl | DTA, VX. VY, VZ, XX1.'YY1. ZZ1.
$NCAP, XX, YY, ZZ, MP, X. Y, Z, NE, | , J, K. L, A. B, AE. XDI N,
$PH .DPH ,ID.ICT.N M

l\h‘ I\N /\ni AN /\K A /\n_ I\K M A% AK /\N I\K M /\h_ M /\K Aﬂ- M l\ﬂ* AK“ l\hA /\[k /\ﬂ* /\K A I\N /\N Apk M AN AN A AR /\K I\N I\N /\K AN /\h_ I\N MV A AK /\N AN A, Jl\ A /\N /\V >|V J“ J‘X Jts Al/\ I\1A 0/\ I\K My A >‘V /\1/\ Sh

Z

PUT VARI ABLES:

c

C

CUO = WND VELOCTY. CM SEC

C DP = PARI CLE DI AMETER CM

C DN = I NLET DI AVETER. CM

C DTA = INITIAL TIME STEP, SEC

C THETA1 = ANGLE OF M SALI GNMENT. DEGREES

C Ul = | NLET SAMPLI NG VELOCI TY. CM SEC

CXDIN = NUMBER OF INLET DI AMETERS AWAY FROM FACE

C FOR TRAJECTORY START PTS

CN = NUMBER OF NODES

CM = NUMBER OF ELEMENTS

C X Y.Z = COORDINATES OF NODES

C PH. DPH = VALUE OF POTENTIAL OR NORMAL DERI VATIVE

C O | F UNKNOWN

C 1D | CT__ = BOUNDARY_ CODES SEE _4PT

CNE = ARRAY NAME FOR ALL THE TRA LAR ELEMENTS. EACH
C ELEMENT IS IDENTIFIED BY THE NODE NUMBER OF
CEACH CORNER LISTED IN A CLOCKWSE DI RECTI ON

C LOOKING our O  THE DOVAIN A FOURTH | NTERGER
CIN THS ARRAY SPECIFIES WHETHER POTENTIAL  COF

C VELOCITY IS KNOMW OVvER THE  ELEMENT.

C
C
C

Y.ZPH.DPH.ID, AND ICT CORRESPOND TO THE QUTPUT CF
HE BIEM BOUNDARY SOLUTION FROM 4PT6Q

A} <TIT

Cc
C READ REQU RED INPUT  DATA
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READ (5,*) U0, DP. DI N, DTA. THETAL Ul . XDI N

READ (5.*) CVC. ClINC

READ (5,*) N

READ (5,*) M

DO 1001 1=1, N

READ (5.*) X(1). Y(I). Z(1). PH(1). DPH (1), ID(I)
SICT(I)

CONTI NUE

READ (5, *) ((NE(I 11),11=1.4),1=1, M

THETA=THETA1*. 017453 2 92

THE J LOOP CONTAI NS THE SUMVATI ONS OVER EACH ELEMENT

| NI TI ALLY THE AREA OF THE JTH ELEMENT | S CALCULATED
THI S IS AE(J).

DO 200 J=1, M
DY21=Y(NE(J, 2))- Y(NE(J, 1
DY31=Y(NE(J, 3))- Y(NE(J. 1
Dz21=Z(NE(J, 2) ) - - Z(NE(J. 1
Dz31=Z(NE(J, 3))- - Z(NE(J, 1
DX21=X(NE(J, 2) )" - X(NE(J, 1
DX31=X(NE(J. 3)) - - X(NE(J, 1
AE1=DY21* DZ31- DZ21* DY31
AE2=DZ21* DX31- DX21* DZ31
AE3=DX21* DY31- DY21* DX31

AE(J) =0. 5* ( DSQRT( AEL* * 2+AE2* * 2+AE3* * 2) )
CONTI NUE

CALCULATE FI RST STARTI NG PO NT

NCAP=0

NTRAJ=0

XX=XDI N* DI N* COS( THETAL* (- 1))
YY=0. 0

ZZ=XDI N* DI N* SI N( THETAL* (- 1))
CONTI NUE

NTRAJ=NTRAJ+1

| E (NTRAJ .EQ 15) THEN

PRINT *, "first Capture not found". NTRAJ
GOTO 3000

ENDI F
CALL TRAJ

CHECK FOR FI RST CAPTURE

|F (NCAP -EQ 1) THEN
GOTO 1000

ELSE IF ((NCAP .EQ 2) ,AND. (ZZ .6T. 0.0)) THEN

XX=XX1- ( Cl NC*'SI N{ THETAL) )
YY=0. 0

77=771- ( Cl NC* COS( THETAL))
GOTO 250
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ELSE
XX=XX1+( Cl NC* SI N( THETAL) )
YY=0. O
77=771+( Cl NC* COS( THETAL) )
GOoTO 250
ENDI F

PRINT *, "NO. OF TRAJ FCAP =", NTRAJ
BEG N CRI TI CAL TRAJECTORY CALCULATI ONS

XFCAP=XX1

YFCAP=YY1

ZFCAP=Z2Z1

PRINT * "1st cap:".",".xfcap.",",yfcap,".". zfcap
XCAP=XX1

YCAP=YY1

ZCAP=Z2Z1

STEP = NUMBER OF DEGREES BETWEEN RAYS ON SEM Cl RCLE
OF STARTI NG PO NTS. NSTEP = NUMBER OF STEPS

STEP=15.
NSTEP=13
nsun¥35
NCOUNT=0

| NI TI AL CAPTURE TRAJECTORY HAS BEEN FOUND, THI S SECTI ON OF

PROGRAM CALCULATES TRAJECTORY STARTI NG PO NTS AT SUCCESSI VE
LOCATI ONS AROUND A SEM CI RCLE ABQUT THE COORDI NATES OF THE
FI RST CAPTURE

DO 3000 JJ=1, NSTEP

NCOUNT=NCOUNT+1

t het a2=(-90+((ncount-1)*step))*. 017453292
AA=. 67* XDl N*DI N

XX=XFCAP+( AA* SI N( THETA2) * SI N( THETAL))
YY=( AA* COS( THETA2) ) * (- 1)

ZZ=7FCAP+( AA* SI N( THETA2) * COS( THETAL) )
XCAP=XFCAP

YCAP=YFCAP

ZCAP=ZFCAP

NFM SS=0

A START PO NT | S CALCULATED, THE KK LOOP PLOT
SUCCESSI VE TRAJECTORIES UNTIL THE CONVERGENCE CRI TERI A
|'S SATI SFI ED.

DO 2900 KK=1. NSUM

IC?:L((NFM Ss .EQ 0) .AND. (NCAP .EQ 1)) THEN

XX—XFCAP+( AA* S| N( THETA2) * S| N THETAL) )
YY=( AA* COS( THETA2) ) * ( - 1)
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ZZ=ZFCAP+( AA* S| N( THETA2) * COS( THETAL) )
GOTO 1500

ELSE
NFM SS=1

ENDI F

| F (NCAP . EQ 2) THEN
XM SS=XX1
YM SS=YY1l
ZM SS=2Z71

ELSE

XCAP=XX1
YCAP=YY1
ZCAP=Z221

ENDI F

S IS THE DI STANCE BETWEEN THE LAST CAPTURE AND LAST
MSS. S IS COWARED TO CVC AND LOOP EXITED I F S < CVC.

S=SQRT( ( XCAP- XM SS) **2+( YCAP- YM SS) ** 2+
$ (2CAP- ZM SS) ** 2)
IF (S -LT. CVC) THEN
GOTO 2990

ELSE

XX=( XM SS+XCAP) / 2

YY=( YM SS+YCAP) / 2

ZZ=(ZM SS+ZCAP) | 2
ENDI F
if (kk .eqg. nsutn) print *, "no convergence, s =",s
CONTI NUE
XCRI T=( XM SS+XCAP) / 2
YCRI T=( YM SS+YCAP) / 2
ZCRI T=(ZM SS+ZCAP) / 2

EACH CRI TI CAL TRAJECTORY COORDI NATE 1S WRI TTEN TO THE
OUTPUT UNIT.

woi te (6,*)"cr i t".",",ncount,", ", xcr i t,",",yer i t.",".zcer it
CONTI NUE
STOP

END

SUBROUTI NE TRAJ

TH'S SUBRCQUTI NE_TAKES A SI NGLE PARTI CLE STARTI NG

PO NT. ASSI GNS THE I NTI AL VELOCI TY VALUES TO THE
PARTI CLE, AND TRACKS THE PARTICLE TO THE FACE OF THE
| NLET (CAPTURE) OR OUT OF THE BOUNDARY (M SS)

| MPLI CI T REAL *8(A-H, 0- 2)

DI MENSI ON' VXOL( 1600) . VYOL( 1600) . VZOL( 1600) .
1X(367), Y(367T) . 2(367) , PH (367) . DPH (367), 1D(367)
2,1 CT(367). NE( 693, 4) . AE(693)
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COWON W0, U, DI N, DP, THETAL. DTA, VX, VY,
$NCAP, XX, YY, ZZ, VP, X, Y. Z.NE. | . J.K. L. A'B
$PHI . DPHI . I D, I CT. N. M

VZ, XX1, YY1, 271,
, AE. XDI N,

print *, M

G=- 980.

DT=DTA

AV=. 000183

PDENS=1. O

ADENS=. 001205

DPL=10000. O* DP

CC=1+((2, *0. 07/ DPL) * (1. 257+( 0. 4*EXP(- 0. 55* DPL/ 0. 07))))
TAU=( DP* * 2* PDENS* CC) / ( 18* AV)

eX=6* S| N( THETAL)

GZ=6* COS( THETAL)

GY=0

MANY=9999
NCAP=0
NL =1
DO 4300 1=1. MANY
CALL SHELL
IF (I .EQ 1) THEN
VXNOWEVX+( TAU* GX)
VYNOMEVY+( TAU* GY)
VZNOMEVZ+( TAU* GZ)
XX1=XX
YY1=YY
Z2721=27Z
ENDI F
VR=( ( VXNOW VX) * * 2+( VZNOW VZ) * * 2
$ +( VYNOW VYY) **2) **0. 5
RE=VR* DP* ADENS/ AV
|F (RE .LE. 0.5) THEN
QRE=1
ELSE IF ((RE .GT. 0.5) .AND. (RE .LE. 800.)) THEN
QRE=1+(0. 15* RE** 0. 687)
ELSE
QRE=0. 44* RE/ 24
ENDI F
IF (I .EQ 1) THEN
VXOL( 1) =VX
VYOL( 1) =VY
VZOL(1) =VZ
ELSE
VXOL( 1) =VXOL(I - 1)
VZOL( 1) =VZOL(I - 1)
VYOL( 1) =VYOL(I - 1)

XK It Lsgin and (0ot (+1.5)1din)
% .and. (YY .lt. 1.5%din) .and. (YY.%tT. %-1-5*d|RB

A\D ézz LT 8 ADIK) AND, (22 T, (-1.3)*D
$ t hen

111
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DT=DTA/ 2.
el se

DT=DTA
end if
UAX=( VX- VXOL(1))/ DT
UAZ=(VZ- VZOL(1))/ DT
UAY=( VY- VYOL( 1))/ DT
UBX=VX- ( ( UAX- 6X) * ( TAU QRE))
UBY=VY- ( ( UAY- GY) * ( TAU QRE))
UBZ=VZ- ( (UAZ- GZ) * ( TAU QRE))
VXNEWE (UAX*DT) +- UBX- ( (UBX- VXNOW *
EXP( - QRE* DT/ TAU) )
VYNEWE ( UAY*DT) -i - UBY- ( (UBY- VYNOW *
EXP( - QRE* DT/ TAU) )
VZNEWE( UAZ* DT) +UBZ- ( ( UBZ- VZNOW *
EXP( - QRE* DT/ TAU) )
XXNEWEXX+( UAX/ 2* DT* * 2) +( UBX* DT) -
( (UBX- VXNOW * ( TAU/ QRE) * ( 1- EXP( - QRE* DT/ TAU) ) )
ZZNEWEZZ+( UAZ/ 2* DT*~2) +( UBZ* DT) -
( (UBZ- VZNOW * ( TAU/ QRE) ' ~( 1- EXP( - QRE* DT/ TAU)))
YYNEWEYY+( UAY/ 2* DT* * 2) +( UBY* DT) -
( (UBY- VYNOW * ( TAU/ QRE) * ( 1- EXP( - QRE* DT/ TAU) ) )
I F (XXNEW.LT. (-1 .1)>"XDIN 2*DIN) THEN
NCAP=2
PRI NT *. ' PARTI CLE EXIT REAR BOUNDARY, M SS'
GOTO 4301
ELSE IF ((ZZNEW . 6T. 1.1*XDIN*DIN) .OR (ZZNEW . LT.
(-1.1)*XDI N*DI N)) THEN -«
NCAP=2
PRINT *, 'PARTICLE EXIT TOP/ BOTTOM M SS'
GOTO 4301

ELSE IF ((YYNEW.GI. 1.1*XDINDIN) .OR (YYNEW.LT.

(-1.1) * XDIN*DI N)) THEN

NCAP=2
PRINT *. ' PARTRICLE EXIT SIDE. M SS
GOTO 4301
ELSE I F ((XXNEW.LT. 0.05*din) .AND. (XX .GT.
0. 05*di n)
. AND. (ABS(ZZNEW .LT. DI N 2+.05) .AND.
(ABS(YYNEW .LT. DIN 2+. 05)) THEN
NCAP=1
PRI NT *. ' CAPTURE AT FACE
GOTO 4301
ELSE | F ((ABS(ZZNEW .LT. DI N 2+.05) . AND.
(ABS(YYNEW .LT. DI N 2+. 05) .AND.
(XXNEW . LT. 0.0))
THEN
NCAP- 2
PRI NT *. ' CONTACT TUBE. M SS'
GOTO 4301
ELSE
NCAP=0
ENDI F
N1=N1+1
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XX=XXNEW
YY=YYNEW
ZZ=72NEW
VXNOWEVXNEW
VYNOWEVYNEW
VZNOWEVZNEW

4300 CONTI NUE
4301 RETURN

C
C
C

C

END

SUBROUTI NE SHELL

C THI' S SUBROUTI NE CALCULATES THE | NTERNAL Al R VELOCI TY

C COVPONENTS I N 3 DI MENSI ONS AT THE LOCATI ON THAT THE PARTI CLE
C IS LOCATED USI NG THE BI EM | NTERNAL SCLUTI ON ROUTINE. I T

C FURTHERC CALLS SUBROUTI NE | NTERGQ TO PERFORM THE | NTERNAL

C GAUSSI AN QUADRATURE.

C
C

0o oo

4000

| MPLI O T REAL*8( A- H, 0- Z)
DI MENSI ON PREV( 3) . AE( 693) . NE( 693. 4) .
1X(367), Y(367), Z(367), PHI (367), DPHL(367), | D( 367)
2,1 CT(367). ALTDPHI (693, 3)
COMMON UQ, Ul , DI N, DP. THETAI , OTA, VX. VY, VZ. XX1. YYr . ZZ1,
$NCAP, XX, YY. ZZ, MP, X. Y. Z, NE. | , J. K, L, A. B, AE. XDI N.
$PHI .DPHI , I D, I CT, N, M
MP=N

DECLARE AND | NI Tl ALI ZE

PVX=0. O

PVY=0. O

PVvZ=0. 0O

DO 2000 J=1, M

PREVX=0. O

PREVY=0. O

PREVZ=0. O

DO 3000 K=1. 3

DO 4000 L=1, 3

CALL | NTERGQ

| F(1 CT(NE(J. K)).EQ 1. AND. | D( NE(J, K)). EQ 1

$. AND. | D( NE(J, 4)). EQ 2) THEN

DPHI DE=DPHI ( NE( J. 4))

ELSE
DPHI DE=DPHI ( NE( J, K))

ENDI F

PREV( L) =( A* PHI ( NE(J. K) ) - B* DPHI DE)

CONTI NUE

PREVX=PREVX+PREV( 1)

PREVY=PREVY+PREV( 2)

PREVZ=PREVZ+PREV( 3)
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3000 CONTI NUE

PVX=PVX+PREVX
PVY=PVY+PREVY
PVZ=PVZ+PREVZ

2000 CONTI NUE

COEF1=-0. 079577471
VX=COEF1* PVX
VY=COEF1* PVY
VZ=COEF1* PVZ

1100 CONTI NUE

444

CONTI NUE
CLOSE (4)
RETURN
END

SUBROUTI NE | NTERGQ
| MPLICI T REAL*8( A- H. 0-2)
DI MENSI ON W 13), ETA(13), CHI (13), F(13), NE(693. 4),

| X(367), Y(367),2(367).PH (367).DPH (367), | D(367) .| CT(367)

2. AE(693)
COMVON UO. U1, DI N, DP, THETAL, DTA, VX, VY, VZ. XXI . YY1, ZZ1.
$NCAP, XX. YY, ZZ, MP, X, Y, Z, NE, | . J, K, L. A, B. AE, XDI N,
$PHI , DPHI , I D, I CT, N, M
A=0.0
B=0. O
W 1) =. 333333333333333
W 2)=W1)
W 3) =W 2)
CH (1) = .6666666666666667
CHI (2) =. 1666666666666667
CHI (3) =CHI (2)
ETA(1) =. 166666666666667
ETA(2) =. 166666666666667
ETA(3) =. 666666666666667
DO 400 11=1, 3
| F(K. EQ 1) THEN
F(11)=CHI (11)
ELSEI F (K. EQ 2) THEN
F(11)=ETA(II)
ELSE
F(11)=1. -ETAC(I1)-CHI (11)
ENDI F
AL=(X(NE(J, 1)) *CHI (1 1) +X(NE(J. 2))*ETA(I 1) +X(NE(J, 3))
$*(1-CHI (11)-ETA(I1))-XX)
BL=( Y(NE(J, 1)) *CHI (1 1) +Y(NE(J, 2)) *ETA(I | ) +Y(NE(J, 3))
$* (1 -CHI( Il ) -ETA (1D -YY)
01 = (Z(NE(J.1))*CH (11)+Z(NE(J, 2))*ETA(I1)+Z(NE ( J,3))
$*(1- CHI (11) - ETA(11)) - Z2)
R=DSQRT( Al* * 2+B1* * 2+C1* * 2)
| F(L. EQ |) THEN

14
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400

END

RNUM=AL
ELSEI F(L. EQ 2) THEN
RNUM=B1
ELSE
RNUM=C1
ENDI F
FF=F(I1)*( RNUM R**3) *W 11)
B=B+FF
AY1=Y(NE(J.1))-B1-YY
AY2=Y(NE(J, 2))-Bl1-YY
AZ1=2(NE(J, 1)) - Cl1-22
AZ2=2(NE(J, 2))-C1-2Z
AX1=X(NE(J, 1))-Al- XX
AX2=X(NE(J. 2))-Al- XX
A2=AY1* A22- A21* AY2
B2=A21* AX2- AX1* A22
C2=AX1* AY2- AY1* AX2
GGL=DSOQRT( A2* * 2+B2* * 2+C2* * 2)
IF(L. EQ 1) THEN
CF1=A2
ELSElI F(L. EQ 2) THEN
CF1=B2
ELSE
CF1=C2
ENDI F
T1=1./(R**3*GGl)
T3=T1**2
T6=A1* A2+B1* B2+C1* C2
G=F(11)*WI1)*((-3*RNUM R*GGL* T6* T3) +( CF1*T1))
A=A+G
CONTI NUE
A=AE(J) *A
B=AE(J)*B
RETURN


NEATPAGEINFO:id=897CD924-B8AE-4B31-84DE-33CE02EB8331


116

Pr ogr am AREA. FOR

C THIS CODE CALCULATE THE AREA UNDER A CURVE USI NG TRAPI ZO DAL
RULE.

(@]

C | NPUT

C N ; NUMBER OF | NPUT PO NTS
C X ; X-COORD. OF THE PO NT
C Y ; Y-COORD. OF THE PO NT
C

C OQUTPUT ---> AREA ON THE SCREEN.
C

$DEBUG
| MPLI CI T REAL*8( A- H. 0- 2)
DI MENSI ON X(37), Y(37)

READ (7,*) N
DO 100 1=1. N
READ (7,*) y(i),x(i)
100 CONTI NUE
SUM=0. O
DO 200 1=1. N1
DX=X( 1 +1) - X(1)
| F(DX. 6T. O. 000000D0) THEN
T™=1.0
ELSE
T=-1.0
ENDI F
TEMP=DABS( DX) * DABS( Y( | +1) +Y(1))/ 2. DO
200 SUMESUMHT* TEMP

write(*,1001) SuUM
1001 fornmat(e20.5)

STOP

END
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Trajectory Plotting Programin BASIC

Pr ogr am PART. BAS

10 OPEN "filenane of traj coords” FOR | NPUT AS #1
20 OPEN "fl enanme of efficiency data” FOR | NPUT AS #2

30 CLS

40 SCREEN 1

50 W NDOW (-6, -12) - (12, 12)

60 | NPUT #2, UO, U, DP, DI N, THETA, EFF
70 THETA = 57. 29577951#* THETA
80 LINE (0,DIN2)-(0,-DI N 2)

90 LINE (0,DIN2)-(-6, DI N 2)
100 LINE (O0,-DIN/ 2)-(-6,-D N 2)
110 WHI LE NOT EOF(I)

120 | NPUT #1, XX, YY

130 PSET (XX, YY)

140 WVEND

150 CLCSE #1

160 CLOSE #2

170 KEY OFF

180 LOCATE 19, 8: PRI NT "EFF = "; EFF

190 LOCATE 20, 8: PRINT "UO = "; UO

200 LOCATE 21, 8: PRINT "DP = "; DP

210 LOCATE 22, 8: PRINT "DIN = "; DI N

220 LOCATE 23, 8: PRINT "THETA = "; THETA

230 LOCATE 24, 8: PRINT "U = "; U
240 A$=I NKEY$: | F A$="C' THEN 260 ELSE 250
250 IF A$="X" THEN 270 ELSE 240

260 LPRI NT CHR$(12)
270 END
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